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ABSTRACT 
 
        In the cell, there are about 60% of the total proteins are membrane and membrane-
associated proteins. Exocytosis, or its reverse phase endocytosis, contains a variety of 
membrane proteins such as synaptobrevin2, syntaxin-1A etc and membrane-associated 
proteins, for example SNAP25 and epsin1 etc. Synaptobrein2 is also called vesicle-
associated protein or v-SANRE which interacts with t-SNAREs syntaxin-1A and SNAP25 
binary complex to form a four helical-bundle complex, which was the minimal fusion 
machinery for synaptic vesicle fused with plasma membrane in neuron. In addition, many 
other proteins such as Munc18, synaptotagmin, complexin etc are essential regulators to 
control neuronal transmitter release spatially and temporally. Epsin1, a membrane-associated 
protein binding with the plasma membrane by interaction with lipid phosphatidylinositol 4, 
5-biphosphate (PIP2), on the contrary, plays a role in the clathrin-mediated endocytosis 
process.  
        The purpose of this work is to investigate the structures of TMD (transmembrane 
domain) of synaptobrevin2 and N-termini (residues 1-14) of ENTH domain of epsin1 by 
EPR (electron paramagnetic resonance) technique.  In addition, lipid mixing assay with 
fluorescence dyes was also applied to mimic the kinetics of membrane fusion with 
recombinant SNARE proteins on the liposome in vitro. EPR studies with TMD of 
synaptobrevin2 revealed that TMD was characterized as a loose dimmer with interaction 
mostly at the N-half of TMD, while C-half interacted with each other to form a dimmer only 
on the vesicle with 40% cholesterol. Thus, a scissors mechanism exists for TMD of 
synaptobrevin2 with the stimulation of cholesterol molecule. Moreover, disulfide cross-
linked lipid mixing assay confirmed different functions for these two confirmations of TMD. 
Meanwhile, the EPR work of N-termini of ENTH domain provided evidence that the N-
termini of ENTH domain forms an amphiphilic helix when it inserts into the vesicle 
contained 3% of lipid PIP2. Our power saturation study unraveled the topology of this helix 
with hydrophobic residues L6 and M10 deep insertion into the membrane. Most interestingly, 
the work helps us to identify the anti-parallel dimerization of N-termini of ENTH domain on 
the surface of membrane. Functional studies both in vitro and in vivo confirmed that such a 
self-association of ENTH domains on the membrane surface plays an important role to 
 vi
tabulate or deform the cell plasma membrane to initiate the bud formation during endocytosis 
process.
 1
CHAPTER 1: INTRODUCTION 
 
1.1 SNARE-mediated vesicle exocytosis 
        Vesicle exocytosis is a cellular process by which a cell releases the contents of secretory 
vesicle to the outside of the vesicle membrane. It is a highly conserved process in eukaryotic 
cells in which five steps are included in pre-synaptic terminal: vesicle trafficking, vesicle 
tethering, vesicle docking, vesicle priming and vesicle fusion (Fig. 1). Generally, membrane-
bound transport vesicles carry cargos such as protein or lipid etc from one compartment of 
the cell to another, and finally discharge them into a specific space by fusing with the target 
membrane (Chen and Scheller, 2001). A variety of proteins play roles at the different steps, 
for example, the actin and microtubule-based cytoskeleton along with several motor proteins 
were implicated in vesicle trafficking step (Holman and Sakamoto, 2008). Among these five 
steps, vesicle fusion was considered as the most important step since two different 
membranes need to contact directly with each other to finish the contents release (Bonifacino 
and Glick, 2004). Moreover, vesicle fusion was an energy consuming process, happening 
non-spontaneously (Chernomordik and Kozlov, 2003). In eukaryotic cells, soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) are widely 
considered as the minimal fusion machinery by which interacting with each other to provide 
energy to tag two membranes together to fuse (Weber et al, 1998; Chen et al, 1999; Rizo and 
Sudhof, 2002; Brunger, 2001; Jahn et al., 2003; Jahn and Scheller, 2006). 
 
1.2 The SNARE proteins  
        SNARE proteins are a superfamily of membrane-associated proteins that are conserved 
from yeast to human, including more than one hundred individual proteins (Bennett and 
Scheller, 1993; Sollner et al, 1993). Those proteins are recogenized by holding a common 
homologous region of 60-70 amino acids called SNARE motif, which is an α-helix contains 
about 8 heptad repeats (Terrian and White, 1997; Weimbs et al, 1997) (Fig 2a, b). Despite of 
their highly conserved motifs, SNAREs still could be classified into v-SNAREs (located on 
vesicle membrane) and t-SNAREs (located on target membrane) depending on their vesicle 
or target membrane localization (Rothman, 1994; Sollner et al, 1993). Specifically, in 
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neuronal transmitter release process, v-SNARE is also called synaptobrevin2 or VAMP2 
(vesicle-associated membrane protein) (Trimble et al, 1988), while t-SNARE has two 
different proteins called syntaxin-1A (Bennett et al, 1992) and SNAP25 (Oyler et al, 1989). 
They are the first group of SNAREs to be discovered. Here, synaptobrevin2 contains one 
common SNARE motif in the middle and a proline-rich region at N-termini, with a short 
linker between C-terminal transmembrane domain and SNARE motif. Syntaxin-1A is also a 
membrane protein with transmembrane domain at C-termini, one SNARE motif, a short 
linker between SNARE motif and transmembrane domain and a long N-terminal Habc 
domain (Fig 2c). Habc domain independently folds into an anti-parallel three-helix bundle 
(Dulubova et al., 2001; Fernandez et al., 1998; Lerman et al., 2000). The well organized 
Habc domain can bind with its own SNARE motif to form a “closed” conformation of 
syntaxin-1A (Dulubova et al., 1999). The function of the Habc domain has been believed to 
be a regulatory factor for SNARE complex assembly (Dulubova et al., 1999; Munson et al., 
2000). Different from synaptobrevin2 and syntaxin-1A, SNAP25 contains two SNARE 
motifs which can co-interact with synaptobrevin2 SNARE motif and syntaxin-1A SNARE 
motif together to form a four-helix bundle (Weber et al, 1998). In addition, SNAP25 is not a 
membrane protein, but palmitoylated on the plasma membrane with its four cysteine residues 
in the linker region between two SNARE motifs (Hess et al, 1992).  
         
1.3 SNAREs assembly and model of SNARE-mediated membrane fusion 
        SNAREs assembly is an ordered and a sequential process which plays an important role 
in vesicle docking and fusion process (Chen et al, 2001). It was believed that a partial 
complex is initially formed at the membrane-distal N-terminal region to set up a stage, 
followed by coiled coil formation at the membrane-proximal C-terminal region (Sorensen et 
al, 2006). This “zipper model” has been supported by a series of experiments in neuronal 
SNAREs assembly (Melia et al, 2002; Matosa et al, 2003; Chen et al, 2001) and in yeast 
SNAREs assembly (Zhang et al, 2004; Zhang et al, 2005; Su et al, 2008). When fusion 
occurs, v-SNARE on the synaptic vesicle interacts with t-SNAREs on the target membrane to 
form a trans-SNARE (Fig 3A) complex in which transmembrane domains of v- and t-
SNARE anchor on apposed membrane and bridge the two membranes together. After fusion, 
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the trans-SNARE complex converts to the cis-SNARE (Fig 3B) complex in which all the 
three SNAREs resides on the same membrane.  
        It is widely accepted that SNARE-mediated membrane fusion includes several stages, 
such as zippering (SNARE assembly), hemifusion intermediate state and fusion pore opening 
and widening (Chen and Scheller, 2001) (Fig 4). Hemifusion is a fusion intermediate state in 
which two membranes are merged at the level of outer phospholipids monolayer while their 
inner monolayer remains intact. It has been supported by a line of in vitro and in vivo 
experiments in neuron (Reese et al, 2005; Lu et al, 2005; Giraudo et al, 2005) and in yeast 
(Xu et al, 2004). Finally, hemifusion transits to full fusion, in which two inner monolayers 
merged together and formed a pore-like structure to release the contents from one 
compartment to another. During the fusion pore opening stage, the membrane curvature also 
changes from hemifusion-favored negative curvature to positive curvature. Such a membrane 
curvature transition hypothesized that some curvature-created lipid components such as 
cholesterol may also play important roles in membrane fusion process. 
 
1.4 Cholesterol in membrane fusion  
        Cholesterol is enriched in a wide range of secretory vesicles, and comprises as much as 
40 mol% of the total lipids in SV (Table 1), CV other secretory vesicles (Takamori et al, 
2006; Churchward et al, 2008; Churchward et al, 2005; Balschko et al, 1967; Zinder et al, 
1978; Deutsch and Kelly, 1981). Cholesterol and its analogs are shown to play important 
roles in modulating exocytosis. A number of encapsulated viruses such as SFV (Semliki 
Forest Virus) require cholesterol in the target membrane for them to enter into the targets 
(Ahn et al, 2002; Phalen & Kielian, 1991; Kielian & Helenius, 1984). In addition, virus entry 
did not depend on intact cholesterol-enriched microdomains, indicating a direct role of 
cholesterol in the fusion process (Waarts et al, 2002).  
        It was generally believed that different lipid components may have different roles in 
membrane fusion process because of the different membrane curvatures they made (Fig 5A, 
B, C). As a naturally occurring negative curvature molecule (Fig 5C), cholesterol has the 
capacity to stabilize the hemifusion state in which the negatively curved surface is dominant. 
Surprisingly, cholesterol also mildly stimulates the pore opening and pore expansion at 40 
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mol% for SNARE-mediated membrane fusion process besides the strong stimulation of 
hemifusion (Chang et al, 2009). However, even such a mild effect of cholesterol on pore 
opening and pore expansion was contradictory to the simple curvature-based prediction of 
cholesterol function. As we know, cholesterol is a bulk molecule which is structurally rigid 
and known to pack the membrane highly ordered (Fig 5D), making it resistant to being bent 
or deformed. However, a line of experiments supported that cholesterol accelerates 
membrane fusion by deformation of the membrane (Biswas et al, 2008; Churchward et al, 
2005; Lang et al, 2001; Jin et al, 2008). Thus, we believe cholesterol should be involved in 
modulating the conformation of transmembrane domains of SNAREs or directly bind with 
membrane proteins to stimulate membrane fusion. Indeed, it has been shown that cholesterol 
plays a key role to induce lateral clustering of Syntaxin-1A (Lang et al, 2001). As to 
synaptobrevin2, no conclusion has been made. 
 
1.5 Synaptobrevin2 and its transmembrane domain 
        Except a conserved SNARE motif, full length synaptobrevin2 contains 116 amino acids, 
which also harbours a proline-rich amino terminal domain, a short linker region and one 
TMD (transmembrane domain) (Chen and Scheller, 2001). Comparison to the well-studied 
structure and function of SNARE motif of synaptobrevin2, a little has been done with its 
TMD. Although sorting of membrane proteins between compartments of the secretory 
pathway is mediated in part by their TMDs, it was suggested that TMD of synaptobrevin2 is 
implicated in membrane fusion beyond a function as membrane anchor (Yang et al, 2006). 
Hofmann (Hofmann et al, 2004) indicated that even the peptide mimic of the TMD is capable 
of driving the fusion of liposomes. They proposed that structural flexibility between α helix 
and β sheet of this peptide is a prerequisite of fusogenicity. Another work done by Langosch 
also indicated a marked sensitivity of the TMD structure of SNARE protein synaptobrevin2 
to the environment such as the lipid to peptide ratio (Langosch et al, 2001). They concluded 
that the dynamic behavior of a TMD may be relevant for the fusion process. However, the 
structural basis of such a role for the full length synaptobrevin2 is still unknown. Based on 
the biochemical and computational study, Fleming and Bowen suggested that TMD of 
synaptobrevin2 can be self-oligomerized (Fleming and Engelman, 2001). It was believed that 
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the formation of fusion pore in the membrane fusion needs the self-association of TMDs of 
synaptobrevin2. However, the details of such a self-interaction between the TMDs of 
synaptobrevin2 are not clear yet. The most recent study from Brunger’s lab confirmed the 
conformation of TMD of synaptobrevin2 in the phospholipids bilayer using circular 
dichroism and attenuated total reflection Fourier-transform infrared spectroscopy (Bowen 
and Brunger, 2006). They proposed the TMD as α helix breaks in the juxtamembrane region, 
leaving the cytoplasmic domain unstructured. However, they used truncated synaptobrevin2 
(residues from 74 to 116) protein to mimic the full length synaptobrevin2 protein. It may not 
the real case for the full length protein.         
        In this thesis, we mainly studied the function of cholesterol in SNARE-mediated 
membrane fusion process and the confirmation of TMD of synaptobrevin2. By using lipid 
mixing assay and EPR methods, we found that cholesterol could increase the rate of SNARE-
mediated lipid mixing by modulating the TMD of Synaptobrevin2 from an open scissors-like 
dimmer to a close scissors-like structure. 
 
1.6 Clathrin-mediated endocytosis 
        Endocytosis is a process by which virtually all eukaryotic cells internalize antigens, 
nutrients, growth factors, pathogens and recycling receptors as well as a vesicle transport 
event involved in the reformation of synaptic vesicles (Mellman, 1996; Hirst and Robinson, 
1998; Hannah et al, 1999; Brodin et al, 2000) (Fig 6). Endocytosis of synaptic vesicle 
components is in response to certain stimuli and effect by the progressive and sequential 
assembly of clathrin-coated vesicles that serve to concentrate cargo proteins and lipids into 
the emerging vesicle and provide a mechanical means to deform the membrane into a 
vesicular bud (Kirchhausen, 2000a; Marsh and McMahon, 1999; Kirchhausen, 2000b). A lot 
of proteins, such as epsin, dynamin, and BAR proteins, play roles for the formation and 
scission of a clathrin-coated bud. After maturation, the bud eventually pinches off from 
plasma membrane to give rise to a free clathrin-coated vesicle under the interaction of 
proteins Auxilin and Hsc70 (Fig 7). Energy ATP is applied for the restoration of the synaptic 
vesicle which will be refilled with neurotransmitters and SNAP receptors to re-enter the 
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synaptic vesicle pool (Sudhof, 1995). Thus, clathrin-mediated endocytosis can be considered 
as morphological opposite of synaptic exocytosis.  
        Clathrin is a soluble protein with one 170 kDa heavy chain and one 35 kDa regulatory 
light chain which will polymerize into coats that form the outer shell of clathrin-coated buds 
and vesicles. The coat of clathrin is assembled on the cytoplasmic face of the plasma 
membrane by the recruitment of a heterotetramer adaptor complex AP-2. AP-2 links the 
clathrin shell to the membrane by interaction with membrane proteins and lipids 
(Kirchhausen, 2000a; Kirchhausen, 2000b). The nucleation and assembly of clathrin-coated 
buds is also aided by a variety of cytosolic proteins and several membrane proteins, such as 
epsin1 and synaptotagminI etc (Haucke et al, 2000). Epsin1 binds to clathrin, AP-2, Eps15 
and lipid PIP2. It directly modifies membrane curvature by binding to PIP2 in conjunction 
with clathrin polymerization. SynaptotagminI contains an N-terminal transmembrane 
segment attached on the synaptic vesicle membrane and followed by two Ca2+ and 
phospholipids-binding C2 domains. However, only C2B has a lysine-rich region which may 
bind with AP-2 (Haucke et al, 2000). During the maturation of the buds, membrane increases 
curvature eventually to form a deeply invaginated coated pit. One of the well-studied 
accessory proteins of endocytosis, dynamin GTPase, was required to provide energy for the 
fission of the coated pits (Hinshaw, 2000). Dynamin oligomerized around the neck of 
endocytic intermediates and hydrolyzed GTP to scissor the buds (Hinshaw and Schmid, 1995; 
Takei et al, 1995; Schmid et al, 1998; McNiven et al, 2000). The exact molecular mechanism 
of fission by dynamin is not yet fully understood. Finally, ATP-hydrolyzed molecule 
chaperone hsc70(Chappell et al, 1986) and its DnaJ-like partner protein auxilin (Ungewickell 
et al, 1995) uncoated the pit to form free clathrin-coated vesicles. 
 
1.7 Epsin1 and its ENTH domain 
        Epsin1 is an accessory protein involved in clathrin-mediated endocytosis with its 
carboxy-terminal region binds to the homology (EH) domain of Eps15. There are three Asn-
Pro-Phe (NPF) motifs at the C-terminal region of epsin1 which interact with EH domains 
(Chen et al, 1998; Morinaka et al, 1999). Epsin1 also binds clathrin adaptor AP-2 at the 
central region by its multiple copies of the Asp-Pro-Trp (DPW) motifs (Chen et al, 1998). In 
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addition, the N-terminal region of epsin1 (about 140 amino acids) is well conserved in 
eukaryotes from yeast to mammals (Kay et al, 1999) and is considered to be important for 
actin cytoskeleton organization in endocytosis (Wendland et al, 1999). NMR structure study 
showed that epsin1 N-terminal homology (ENTH) domain contains seven -helices which 
form a superhelical fold, with a continuous hydrophobic core in the center (Koshiba et al, 
2001) (Fig 8a). However, the crystal structure of a rat epsin1 fragment (amino acids 1-160) 
forms a compact globular domain with eight α-helices in the presence of inositol-1,4,5-
triphosphate (Ins(1,4,5)P3) (Marijn et al, 2002) (Fig 8b, c). Compared with NMR structure in 
the solution with the absence of a lipid head group, a totally new helix appeared at the N-
terminus of ENTH domain, which called ‘helix0’. Helix0 (about residues 3-15) folds back to 
cross the face of helix1 and the loop between helix1 and helix2. Thus, a deep basic groove 
created to form the binding pocket for the lipid. Helix0 is an amphiphilic helix with residues 
4 and 8 at the outer surface while residues 6 and 10 inserted deep into the membrane (Kweon 
et al. 2006). In addition, lipid with phosphate groups on positions 4 and 5 of 
phosphatidylinositol has specific interaction with helix0 (Itoh et al, 2001). Helix0 was stable 
only in the membrane containing PtdIns(4,5)P2 or its analog. The formation of helix0 was 
believed to insert into the membrane and tubulate the membrane to induce the membrane 
curvature. 
 
1.8 Fluorescence lipid mixing assay   
        To better study the functions of SNARE proteins in vitro, Rothman group developed a 
well-known technique called fluorescence lipid mixing assay in which applies resonance 
energy transfer between the fluorescence donor, NBD, and the fluorescence acceptor, 
rhodamine (Weber et al, 1998). Generally, recombinant SNAREs were reconstituted into two 
different phospholipid vesicles, with v-SNARE on the vesicle (called v-liposome) contained 
a quench pair NBD and rhodamine while loading preformed t-SNARE complex on the 
vesicle (called t-liposome) without any fluorophore (Fig 9a). After mixing these two 
different liposomes, v- and t-SANRE interact with each other to form a four-helix bundle to 
fuse two vesicles together. Thus, two fluorophores on the v-vesicle were diluted by t-vesicle 
and fluorescence quenching occurred. By detecting the donor fluorescence intensity change 
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according to the time, we could record the SNARE-mediated membrane fusion process in 
vitro. By comparing the lipid mixing efficiency and kinetics we can understand the fusion 
activity of specific SNARE components. Moreover, we can study the mechanisms of several 
neuronal regulators involved in membrane fusion. 
        In order to selectively measure inner leaflet mixing, the inner lipid mixing assay was 
modified from total lipid mixing assay (McIntyre and Sleight, 1991; Meers, 2000). Under 
controlled condition, sodium dithionite turns NBD fluophore in the outer leaflet into non-
fluorescent derivative ABD, while leaving NBD in the inner leaflet largely unaffected since 
sodium dithionite could not easily penetrate lipid bilayers due to its polarity (Fig 9b). Thus, 
when the dithionite-treated v-liposome mixed with the t-liposome, only the inner leaflet 
mixing was recorded (Fig 9c). The inner leaflet mixing assay could be utilized to study the 
mechanism of hemifusion intermediate state in vitro (Xu et al, 2004; Lu et al, 2005). 
 
1.9 EPR techniques applied to study protein structures  
        Site directed spin labeling (SDSL) and Electron Paramagnetic Resonance (EPR) 
spectroscopy are powerful and unique techniques to study protein-protein interaction, protein 
secondary structure, associated protein conformational change and protein dynamics 
(Hubbell et al, 1998; Hubbell et al, 2000). They are well-established methods to investigate 
the secondary structures and geometries of membrane associated proteins under their native-
like environment (lipid present). To start EPR study, the cysteine residues in the native 
protein have to be mutated into alanine or serine, while mutated the specific position of the 
protein to cysteine residue by site directed mutagenesis method. The reporter group, which is 
often a methanethiosulfonate spin label (MTSSL) could be introduced into the mutated 
cysteine residue by forming a disulfide linkage with cysteine thiol group (Fig 10a). Generally, 
the MTSSL did not perturb the structures and functions of the protein since the nitroxide 
side-chains are small. In the magnetic field, the motion of the isolated electron in the MTSSL 
molecule generated the signal which recorded as EPR spectrum. Moreover, the EPR 
spectrum is sensitive to the mobility of the nitroxide chain—the slower the motion of the 
nitroxide chain, the broader is its EPR spectrum (Columbus and Hubbell, 2002; McHaourab 
et al, 1999). Such a broader spectrum reflects some tertiary interactions of the spin label with 
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proteins or lipid molecules surrounding it. Thus, by analyzing the EPR line shape, we could 
identify SNARE protein interaction with other proteins and differentiate the transmembrane 
domain from the whole protein (Kweon et al, 2003; Chen et al, 2004; Zhang et al, 2002).  
        In order to study the membrane topology and geometry of SNARE protein, EPR power 
saturation method is employed (Altenbach et al, 1994). This method is based on the dipolar 
interactions of the nitroxide with paramagnetic reagents constrained to the aqueous phase and 
require knowledge of the spatial distribution of the paramagnetic reagents in solution (Fig 
10b). Usually, two gradients of paramagnetic probes are used to define the depth parameter, 
molecular oxygen and the zwitterionic nickel (II) ethylenediaminediacetic acid (NiEDDA) 
complex. Oxygen is an apolar molecule which is found at highest concentration in the bilayer 
hydrocarbon core with its concentration gradient points toward the membrane center. 
However, NiEDDA complex is found at highest concentration in the solution because of its 
high polarity with its concentration gradient points away from the membrane hydrocarbon 
core center (Malmberg and Falke, 2005).To remove paramagnetic species (particularly 
oxygen) for measuring the paramagnetic probe parameter, samples have to be purged with 
non-paramagnetic nitrogen gas. After collecting 8 (for NiEDDA) or 9 (for oxygen) 
continuous-wave (cw) EPR power saturation spectra, the total EPR signal amplitudes for 
each paramagnetic probe is plotted as a function of the square root of microwave power. 
Thus, the relative accessibility of the spin label to the paramagnetic probe can be represented 
by a parameter η: 
η (probe) =  P1/2(probe) – P1/2(N2) 
Here P1/2(probe) and P1/2(N2) are the corrected half-saturating powers for samples containing 
probe or purged with nitrogen. Finally the membrane depth was calculated by a formula 
expressed below: 
A x ln((P1/2(O2)-P1/2(N2))/(P1/2(Ni)-P1/2(N2))) +C 
Here, A and C are common parameters. 
        Another widely-used EPR technique is dipolar EPR spectroscopy (Fig 10c) for distance 
measurements by both cw EPR (Rabenstein and Shin, 1995) and pulsed EPR (Larsen and 
Singel, 1993; Milov et al, 1981; Pfannebecker et al, 1996; Milov et al, 1998). It can be 
applied for protein secondary structure identification and protein self-oligomerization study 
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based on determining the magnitude of the static dipole-dipole couplings between the spins 
of unpaired electrons localized on the nitroxides. In order to directly study protein secondary 
structure, two spin labels were introduced into the same protein at positions (i, i+3 or i+4) for 
helical structure or at positions (i, i+2) for β-sheet structure. Since two residues will be at the 
same interface if they are far away 3.6 residues for a helical structure, it is speculated that 
dipolar interactions between two spins will be dominant for labeled positions at (i, i+3 or i+4) 
because of distance r>= 8 Å. However, for β sheet structure, dipolar interactions dominated 
when two spins labeled at position (i, i+2). Moreover, distances r between two spins could be 
measured by formula below:  
r = (0.75(3/2)geβ/2B)1/3  
Here, ge is the isotropic g value of the electrons, β is the electron Bohr magneton and B is the 
external magnetic field (Rabenstein and Shin, 1995). cw EPR method is also extensively 
employed to measure the distance between two spins which is on the two different protein 
molecules, specifically for protein self-oligomerization study. However, it can only measure 
distances between 8-25 Å when strong dipolar coupling existed. Moreover, this measurement 
requires the spectra from non-interacting singly labeled species as a reference. The 
incomplete spin labeling also makes the task more complex (Persson et al, 2001). More 
recently, the method of distance measurements by pulsed double electron-electron resonance 
(DEER) was introduced to circumvent multiple problems met in efforts to isolate weak 
electron-electron dipolar couplings from electron-spin-echo decays, which are usually 
dominated by relaxation and nuclear modulation effects. Pulsed EPR is based on detecting a 
spin-echo, wherein the inhomogeneous spectral broadening cancels. The dipolar and 
exchange coupling can be isolated from several other interactions by means of a suitable 
pulse sequence (Fig 10d). This method can measure more broad range of distance (10-80 Å) 
(Borbat et al, 2002; Borbat et al, 2004; Park et al, 2006) than cw EPR (5-25 Å). Moreover, it 
is much less affected by inefficient labeling and can be readily yield distance distributions. 
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Figure 1. Schematic diagram of exocytosis in the presynaptic terminal. 
 
After vesicle buds, five steps included for exocytosis in presynaptic terminal: vesicle 
trafficking, vesicle tethering, vesicle docking, vesicle priming and vesicle fusion. 
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Figure 2 Structure of neuronal SNAREs. 
 
(a) Crystal structure for neuronal four-helix bundle complex2. Sn1 and Sn2 are the two 
SNARE motifs from SNAP25. Sb the SNARE motif from synaptobrevin 2. Sx is the SNARE 
motif from syntaxin 1A. (b) The 16 hydrophobic layers of the SNAREs complex. (c) The 
general structure for neuronal SNAREs3. TM means transmembrane domain. N is N-terminal, 
while C is the C-terminal of the protein. 
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Sudhof TC and Rothman JE, Science, 2009 
 
 
Figure 3 Two states of SNARE complex in membrane fusion: trans- and cis-. 
 
(a) Partially assembled SNARE complex with transmembrane domains of synaptobrevin 
and syntaxin on the two different membranes. This complex also called trans- SNARE 
complex which could provide energy for membrane fusion. (b) Cis- SNARE complex, in 
which both transmembrane domains from synaptobrevin and syntaxin are on the same 
membrane to open a fusion pore. Cis-SNARE did not provide energy. 
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Fig 4 Model of SNARE-mediated membrane fusion. 
 
(a) Synaptic vesicle comes close to cell plasma membrane. 
(b) SNAREs zipped with each other from N-terminal to C-terminal. Two membranes still 
keep integrity. 
(c) Hemifusion intermediate state in which two outer monolayers merged together while two 
inner monolayers keep integrity. 
(d) Hemifusion intermediate state. However, SNAREs continue zipping into transmembrane 
domains of synaptobrevin and syntaxin. 
(e) Fusion pore opening and contents released.   
(f) Pore widening. Both outer and inner monolayers of two membranes totally merged.  
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Fig 5 Membrane curvatures made by different lipids. 
 
(A) Positive membrane curvature made by lipid, such as phosphatidylinositol-4,5-
biphosphate. 
(B) Neutral membrane curvature made by lipid, such as phosphatidylcholine. 
(C) Negative membrane curvature made by lipid, such as cholesterol. 
(D) High percents of cholesterol make acyl chains ordered. 
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Fig 6 Putative endocytic portals. 
 
A lot of endocytic processes included: Clathrin-mediated endocytosis; caveolar-type 
endocytosis; CLIC/GEEC-type endocytosis; the putative flotillin-associated endocytic; 
phagocytosis; macropinocytosis; circular dorsal ruffles; and entosis. 
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Fig 7 Clathrin-mediated endocytosis. 
 
The steps for clathrin-mediated endocytosis. Also proteins involved in each step were 
showed in the figure. 
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Fig 8 Structures of epsin ENTH domain. 
 
(a) Solution Structure of human epsin ENTH domain by NMR 
(b) Crystal structure of rat epsin ENTH domain in the absence of Ins(1,4,5)P3 
(c) Crystal structure of rat epsin ENTH domain in the presence of Ins(1,4,5)P3 
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Figure 9 Schematic diagram of fluorescence lipid mixing assay. 
 
(a) Two quenching dyes labeled vesicle mixed with non-labeled vesicle causes the 
dilution of dyes on the labeled vesicle. Fluorescence dequenching happens. 
(b) NBD on the outer leaflet was reduced into ABD by sodium dithionite. 
(c) Inner leaflet mixing assay. Only inner leaflets fused, fluorescence dyes diluted.  
Here, red spot is rhodamin, blue one is NBD. 
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Figure 10 Site directed spin labeling (SDSL) and EPR spectroscopy. 
                                                                                                                                                                              
(a) Reaction between spin label MTSSL and cysteine thiol group in the protein     
(b) EPR power saturation to measure immersion depth of spin label in membrane                                            
(c) Dipolar EPR for distance measurement between two spin labels 
(d) Pulse sequence of the four-pulse DEER experiment 
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                                 Takamori et al, Cell, 2006 
 
Table 1 Lipid components and relative percents on neuronal synaptic vesicle 
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CHAPTER 2: A SCISSOR MECHANISM FOR STIMULATION OF 
SNARE-MEDIATED MEMBRANE FUSION BY CHOLESTEROL1 
A paper published in Proceedings of the National Academy of Sciences, 2009, vol 106: 5141-
5146. 
Jiansong Tong, Peter P. Borbat, Jack H. Freed, and Yeon-kyun Shin 
 
2.1 ABSTRACT 
 
        Neurotransmitter release at the synapse requires membrane fusion. The SNARE 
complex, comprised of the plasma membrane t-SNAREs Syntaxin 1A and SNAP-25 and the 
vesicle v-SNARE synaptobrevin, mediates the fusion of two membranes. Synaptic vesicles 
contain unusually high cholesterol, but the exact role of cholesterol in fusion is not known. In 
this study, cholesterol was found to stimulate SNARE-mediated proteoliposome fusion by a 
factor of five at a physiological concentration. Surprisingly, however, the stimulatory effect 
was more pronounced when cholesterol was on the v-SNARE side than when it was on the t-
SNARE side. Site-directed spin labeling and both continuous wave (CW) and pulsed electron 
paramagnetic resonance (EPR) revealed that cholesterol induces a conformational change of 
the v-SNARE transmembrane domain (TMD) from an open scissor-like dimer to a parallel 
dimer.  When the TMD was forced to form a parallel dimer by the disulfide bond, the rate 
was stimulated 2.3 folds even without cholesterol, supporting the relevance of the open-to-
closed conformational change to the fusion activity. The open scissor-like conformation may 
be unfavorable for fusion and cholesterol may relieve this inhibitory factor. 
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2.2 INTRODUCTION 
 
        In the neuron, synaptic vesicles fuse with plasma membrane to release neurotransmitters 
into the synaptic cleft (1-4). Membrane fusion involves extensive bilayer remodeling, which 
requires the free energy or an effective catalyst (5-6). SNAREs (soluble N-ethylmaleimide 
sensitive factor attachment protein receptors) are believed to be the fusion machine that 
serves as the energy source (7-8) or catalyst that lowers the fusion energy barrier (9). At the 
onset of fusion, vesicle associated (v-) SNARE synaptobrebin (or VAMP2) combines with 
target membrane (t-) SNAREs Syntaxin 1A and SNAP-25 to form a helical bundle that 
bridges two membranes, facilitating fusion (10-14). 
        Cholesterol is a major component of the plasma and the vesicle membranes, comprising 
as much as 30-40 mole% of the total lipids (15-16). Cholesterol is structurally rigid and 
known to harden the membrane significantly, making it resistant to being bent or deformed. 
However, there is evidence that cholesterol accelerates membrane fusion that involves a 
series of bilayer deformation (17-20). The physical origin of cholesterol’s positive role can 
be found partly in its spontaneous negative curvature such that it prefers to be in the 
negatively curved (concave) surface but dislikes being in the positively curved (convex) 
surface (21).   
        Despite the progress in understanding the effects of cholesterol on the bilayer curvature, 
not much is known about its influence on the lateral distribution of SNAREs in the 
membrane or on structures of their transmembrane domains (TMDs). A series of recent 
reports addresses the importance of the clustering of SNAREs at the fusion site for successful 
fusion (19, 22-24). In addition, there is evidence that the SNARE TMDs are essential for 
formation of the fusion pore (25-27). Considering cholesterol’s structural rigidity and its non-
ideal mixing with phospholipids (28), we speculate that both the lateral distribution and the 
conformation of the SNARE TMDs are affected significantly by the presence of cholesterol. 
Indeed, it has been shown that cholesterol is a key component to induce lateral clustering of 
Syntaxin 1A (19).  
        In this work, we attempt to correlate the conformational changes of the SNARE TMDs 
induced by cholesterol to the fusion activity of neuronal SNAREs. The fluorescence lipid-
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mixing assay was used to investigate the effect of cholesterol on SNARE-mediated 
membrane fusion. The results show that lipid mixing was promoted significantly when 
cholesterol is on the v-SNARE-carrying vesicles but not as much when it is on t-SNARE-
carrying vesicles. Using site-directed spin labeling (SDSL) and both continuous wave (CW) 
and pulsed-EPR spectroscopy, we found a significant conformational change of the TMD 
dimers of v-SNARE synaptobrevin (or VAMP2) that is induced by cholesterol. This change 
resembles a scissor-type motion of the TMD dimmers. The relevance of this structural 
change to the fusion activity was verified using the disulfide cross-linking method. 
 
2.3 RESULTS 
 
2.3.1 Physiological cholesterol stimulates lipid mixing  
        To investigate the effect of cholesterol on SNARE-mediated membrane fusion, we 
incorporated appropriate amounts of cholesterol into the POPC/DOPS vesicles to achieve 
three different cholesterol concentrations of 0, 20 and 40 mole%. We kept the negatively 
charged DOPS level at 15 mole% for all three samples. The t-SNARE complex was 
preformed by mixing Syntaxin 1A and SNAP25 in the one-to-one molar ratio. The t-SNARE 
complex was then reconstituted into the vesicles (t-SNARE vesicles). The v-SNARE protein 
VAMP2 was incorporated into a separate population of vesicles that contained 1.5 mole% 
each of NBD-PS (1,2-dioleoyl-sn-glycerol-3-phosphoserine-N-(7-nitro-2-1,3-benzoxadiazol-
4-yl)) and Rhodamine-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 
rhodamine B sulfonyl)) for the fluorescence detection of lipid mixing (v-SNARE vesicles). 
The lipid-to-protein ratio was kept at 200:1 for all samples (except as noted). To follow the 
kinetics of lipid mixing, we mixed t-SNARE vesicles and v-SNARE vesicles at 37ºC in the 
nine-to-one ratio. When SNAP-25 was not included, no lipid mixing was detected, as 
expected (black trace in Fig. 1A). However, significant lipid mixing was observed when 
SNAP-25 was included in the t-SNARE vesicles (Fig. 1A). 
        When physiological 40 mole% of cholesterol was included in both vesicles, we 
observed a five-fold increase of the initial rate of lipid mixing with respect to that in the 
absence of cholesterol (Fig. 1B). Interestingly, there was only minor stimulation of lipid 
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mixing when 20 mole% of cholesterol was incorporated in both membranes. Therefore, the 
results show that the physiological concentration of cholesterol is necessary to produce 
significant stimulation of membrane lipid mixing.  
        SNARE-mediated fusion transits through the hemifusion state in which the outer leaflets 
are merged but the inner leaflets remain intact (29-31). To further dissect the effect of 
cholesterol on hemifusion (outer leaflet mixing) and full fusion (inner leaflet mixing), we 
performed the inner leaflet lipid-mixing assay (Fig. 1C). We used the modified Meer’s 
method (29) that uses dithionite to selectively reduce the fluorescence donor NBD on only 
the outer leaflet, which allows the selective detection of inner leaflet mixing. The results 
show that the rate of inner leaflet mixing was enhanced by a factor of 4 at 40 mol% 
cholesterol (Fig. 1D), indicating that cholesterol accelerates both hemifusion and full fusion 
similarly. 
. 
2.3.2 Cholesterol is more effective when it is on the v-SNARE vesicle 
        A lipidomic study by Jahn and coworkers (16) revealed a surprising result that 
cholesterol is highly enriched at the synaptic vesicles, constituting ~40 mole% of the total 
lipids, which is higher than the cholesterol content of the plasma membrane. Thus, we 
wonder whether the high cholesterol content in the vesicle has any functional implications on 
SNARE-mediated lipid mixing. 
        To address this question, we analyzed lipid mixing between the cholesterol-containing 
v-SNARE vesicles and the cholesterol-absent t-SNARE vesicles, and vice versa (Fig. 2A). 
When 40 mole% of cholesterol was included in the v-SNARE vesicles with no cholesterol on 
the t-SNARE vesicles, the rate of lipid mixing was ~70 % of that for 40 mole% cholesterol 
on both vesicles (Fig. 2B). In contrast, when 40 mole% of cholesterol was loaded on the t-
SNARE vesicle with no cholesterol on the v-SNARE vesicle, we observed stimulation of 
lipid mixing by only a factor of 1.7 with respect to the control without cholesterol on both 
sides. Thus, the result shows that cholesterol on the t-SNARE vesicle is less effective than it 
is on the v-SNARE side. Such asymmetric effects of cholesterol on SNARE-dependent lipid 
mixing may not be fully accounted for by the cholesterol’s membrane curvature-modifying 
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role. The results may suggest that its impact on the protein structure, particularly on the 
structure of v-SNARE, also has important functional implications. 
 
2.3.3 SDSL EPR reveals the v-SNARE TMD form an open scissor-like dimer   
        We used SDSL (32-34) and EPR spectroscopy to investigate the conformational 
changes of the v-SNARE TMD induced by cholesterol. In SDSL, native residues are 
replaced one at a time with cysteines to provide specific labeling sites for the thiol-specific 
nitroxide spin labels such as methanethiosulfonate spin label (MTSSL) (35-36). The EPR 
line shape was sensitive to the motion of the nitroxide as well as to the spin-spin interaction 
with the neighboring nitroxides.  For example, the motional restriction caused by the tertiary 
interaction with the neighboring helix would broaden the EPR lines. Yet, if the pairs of 
nitroxides are within 25Å from one another, the dipolar interaction broadens the EPR lines, 
from which the interspin distance can be determined (37). 
        It has been controversial whether the TMDs of v-SNARE VAMP2 exist as monomers or 
dimers (38-41). To resolve this controversy, we undertook an extensive CW and pulsed EPR 
study using detergent micells (as a reference) and liposomes with and and without cholesterol. 
In the case of liposomes, labeled VAMP2 was reconstituted into the vesicles separately with 
and without 40 mol% cholesterol. EPR spectra were collected at room temperature, and the 
lipid-to-protein ratio was kept at 200:1 (except as noted). In the absence of cholesterol, the 
EPR line shapes were moderately broad for all TMD positions (Fig. 3A, black traces), 
representative of the lipid-exposed nitroxide side chains, and there is little indication of the 
strong tertiary interaction (29, 42-43).  However, when we examined low-temperature 
absorbance of the EPR spectra, we observed line broadening due to the spin-spin interaction 
(Fig. 3B, black traces). At low temperatures, the motion of the nitroxide was frozen so that 
the line broadening is exclusively due to the spin-spin interaction. The interspin distances 
determined with the Fourier deconvolution method show that the TMDs interact through the 
N-terminal halves (Fig. 3C) with residues 99 and 103 as the interfacial positions (Fig. 3D) 
(37, 43). Meanwhile, the distances at the C-terminal halves were > 25Å, which was out of 
range for the CW EPR method. To address this, pulsed dipolar EPR was used with results 
also shown in Fig 3C. Pulsed dipolar spectroscopy represented by DEER and DQC is a 
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proven technique (44-54) to measure distances in the range of 10-80Å between spin labels 
introduced in biomolecules and the distributions in distances, P(r). In the case of high 
flexibility, the distributions are usually broad (45, 54), which was exactly the case of 
VAMP2 for all residues studied, pointing to the high flexibility of the dimer (supporting 
information (SI) Fig. S1). Another aspect of the DEER measurement was to probe the 
oligomerization order (52, 55). The modulation depth of DEER signals was consistent with 
just having dimmers both with and without cholesterol. Reference studies in detergents and 
extensive studies in liposomes (Fig. S2) confirmed the dimeric state of VAMP2 TMD. 
        Therefore, the CW and pulsed-EPR results were consistent with the dimer model in 
which the N-terminal halves were closer whereas the C-terminal halves were splayed apart, 
resembling an open scissor (Fig. 5A). However, we note that the helices appeared to be 
loosely held together and so dynamic that the tertiary interaction could not be picked up in 
the EPR line shape and the distance distributions were broad (SI Text). 
 
2.3.4 Cholesterol brings the C-termini of the TMDs closer  
        When cholesterol was incorporated in the vesicles, we observed small but clear and 
unambigous line broadening at several selected positions including residues 99, 102, 106, 
113, and 114 (Fig. 3A and D, red traces). This was most likely due to the tertiary contacts 
between the TMDs. Had the line broadening been simply due to the cholesterol-induced 
decrease of the membrane viscosity, it would have occurred to all position and not only to a 
selected few positions. In the low-temperature spectra, the line broadening due to the spin-
spin interaction became pronounced at several positions (Fig 3B, red traces). What is 
particularly interesting was the conspicuous decrease of distances at the C-terminal positions 
in the presence of cholesterol (Fig. 3C). The distance profile throughout the TMD was quite 
consistent with the nearly parallel dimer with positions 96, 99, 103, 106, 110, and 113 at the 
dimer interface (Fig. 3D). The TMD dimer in the presence of 40 mole% cholesterol appeared 
to resemble the closed scissor (Fig. 5B), as opposed to the open scissor-like dimer in the 
absence of cholesterol.    
 
2.3.5 Is the cholesterol-induced change in the TMD relevant to the fusion activity? 
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        The EPR analysis of spin-labeled VAMP2 showed that cholesterol induces an open-to-
closed conformational change in the TMD. To verify if this conformational change is 
functionally relevant, we used cysteine-cysteine cross-linking. Cysteine-cysteine cross-
linking at a C-terminal position such as Y113C, which is a predicted interfacial position, 
would bring the C-terminal parts of the dimer into contact, forcing the dimer to take the 
closed form even in the absence of cholesterol. If the open-to-closed conformational change 
is functionally important, we should observe the stimulation of lipid mixing with the 
disulfide-linked dimer in the absence of cholesterol. For the mutant Y113C, 40 mol% of 
cholesterol stimulated the initial rate of lipid mixing by a factor of 3, somewhat less than that 
for wild-type VAMP2. 
        When VAMP2 Y113C was cross-linked by Cu(II) phenanthroline (Fig. S3) and 
subjected to the lipid-mixing assay with the vesicles without cholesterol, we observed the 
increase of the initial rate by a factor of 2.3 (Fig. 4A), generally supporting our prediction. 
But the stimulation by cross-linking was less than a factor of 3 and was somewhat short of 
fully accounting for the effect of cholesterol on lipid mixing. Interestingly, however, when 
cholesterol (40 mol %) was added in the lipid mixing assay with cross-linked Y113C-C, the 
further gain was only 25% (Fig. 4A), suggesting that the cholesterol-induced closure of the 
VAMP TMD dimer accounts for approximately three-fourths of the cholesterol effect on 
SNARE-dependent lipid mixing. The remaining one-fourth may be attributed to other factors 
such as the cholesterol’s spontaneous curvature. Thus, the analysis suggests that the open-to-
closed conformational change in the VAMP2 TMD by cholesterol is the major factor that 
contributes to the stimulation of lipid mixing. 
        Yet, when N-terminal position C103 was cross-linked, there was little change in the 
initial fusion rate when compared with that for the non-cross-linked C103 (Fig. 4B). This was 
again expected because the cross-linking at the N-terminal positions would not impact the 
open conformation. Therefore, the results suggest that the open-to-closed conformational 
change induced by cholesterol has a functional implication on SNARE-dependent fusion.  
 
2.4 DISCUSSION 
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        Recently, it has been suggested that regulatory lipids such as sterols, diacylglycerol, and 
phosphoinositides play critical roles in SNARE-dependent fusion as essential cofactors (56, 
57). Cholesterol is also shown to be required for some viral fusion systems such as the fusion 
by α-virus (58). Although the critical importance of the different lipids in various biological 
fusion events is recognized, the effect of the regulatory lipids on the structures of the fusion 
proteins is not well understood.  
        As an initial attempt to uncover the impact of cholesterol on the structures of SNAREs, 
we investigated the conformational change of the VAMP2 TMD using SDSL EPR. The EPR 
analysis showed that the TMDs of v-SNARE VAMP2 formed an open scissors-shaped dimer 
with the pivot point at the N-terminal region in the absence of cholesterol. The overall shape 
of the dimeric TMD is likely to resemble an inverse wedge that would fit better to the 
negatively curved bilayer (Fig. 5A). For fusion to occur, however, the bilayers are required to 
bend in such a way to create positive curvature towards each other. Therefore, the inverse 
wedge-shaped TMD dimer would act as an inhibitor for such initial bending. Our results 
show that physiological cholesterol induces a conformational change from the open to the 
closed, driving the molecular shape to be more favorable for lipid mixing (Fig. 5B). 
Cholesterol is shown to have the capacity of thickening the bilayer, perhaps because of the 
rigid nature of its structure (59). We speculate that the closed conformation in the presence of 
cholesterol reflects the adjustment of the TMD dimer to the thicker bilayer to maintain the 
hydrophobic match between the bilayer and the TMD (60). 
        Cholesterol is generally believed to act as a fusion stimulator (61-62). Its spontaneous 
negative curvature has the capacity to stabilize the hemifusion state in which the negatively 
curved surface is dominant. Moreover, it may drive the expansion of the pore presumably by 
destabilizing the early fusion pore that is full of an acutely positively curved surface (17). 
Interestingly, incorporation of 40 mole% cholesterol on the t-SNARE vesicle has less of an 
effect on the rate of SNARE-mediated lipid mixing than it does for the v-SNARE vesicles. 
The results raise the possibility that cholesterol impacts membrane fusion not only through 
its preference for specific membrane curvature but also through its influence on the TMD 
conformation in the membrane. Our results suggest that the latter is significantly more 
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important for SNARE-mediated membrane fusion and it is predominantly through its 
influence on the structure of the v-SNARE TMD. 
        Although it is thought that the TMD of VAMP2 plays a critical role in membrane fusion, 
controversy exists concerning its structure in the membrane. Computational and mutagenesis 
studies predicted that the v-SNARE TMD exists as a dimer with two helices oriented with a 
cross angle of 38º (38). Furthermore, alanine-scanning mutagenesis indicated that residues 99, 
102, 103, 107, 110, and 111 are involved in homodimerization of the TMD. In contrast, the 
infrared (IR) study by Bowen et al. (41) showed that the VAMP2 TMD exists as monomers 
in the DMPC bilayer with an unusual 35º tilt with respect to the bilayer normal. The EPR-
based structural model in the absence of cholesterol might be similar to the structural model 
proposed by Bowen et al., except that there is a weak and dynamic helix-helix interaction at 
the N-terminal region. This weak interaction was not detectable even in the sensitive EPR-
line shape analysis. Likewise, we suspect that this interaction was not detectable in the IR 
study. Yet, it appears that the EPR-based model in the presence of the cholesterol was quite 
consistent with the model predicted from the computer modeling and the alanine-scanning 
experiments. In our model, residues 99, 103, 110 and 113 reside at the dimer interface, which 
were similar to those positions responsive to analine mutations. 
        Perhaps, the monomer–dimer controversy stems from the labile equilibrium between 
monomers and dimers that may be easily shifted by the changes in conditions such as the 
lipid composition. Provided the uncertainty of the new DEER method to estimate the 
stoichiometry of the TMD it is still possible that the monomer–dimer equilibrium exists. 
Therefore, an alternative scenario might be that cholesterol shifts equilibrium toward the 
dimer, and the dimerization might be the main event that is responsible for the stimulation of 
SNARE-dependent lipid mixing by cholesterol. 
        Although the EPR data are consistent with the dimer model, the periodic distance 
variation along the sequence (Fig. 3C) is much shallower than normally expected for the 
well-defined dimer. The results indicate that the dimer may not have a well-defined point of 
symmetry, and the interaction between 2 monomers may be promiscuous despite some 
preference given to the helical face consisting of residues 99, 103, 106, and 113 (Fig. 3D). 
The synaptobrevin TMD is unusual in that it contains as many as 11 β-branched amino acids 
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(Fig. 3D), which may allow neither a well-defined interface between 2 interacting helices nor 
tight packing, reducing the amplitude of the distance variation significantly along the 
sequence. 
        In this work, we used the fluorescence lipid-mixing assays, not the content mixing assay, 
to investigate the SNARE-dependent membrane fusion. However, the caveats of the lipid-
mixing assay are the potential complications arising from liposome instability and leaking 
(63), lipid flip–flop without fusion (64), and spontaneous lipid dye transfer between apposed 
membranes (65), warranting further investigations using the content mixing assay which is 
less vulnerable to these complications. 
        In summary, we have shown that cholesterol plays a role in modifying the v-SNARE 
structure in the membrane to be favorable for membrane fusion. Cholesterol induces the 
conformational change of the v-SNARE TMD dimer, which converts the molecular shape 
from an open scissor-like to a closed scissor-like shape, thereby modifying the membrane 
curvature to be favorable for fusion. 
 
2.5 MATERIALS AND METHODS 
 
2.5.1 Plasmid constructs and site-directed mutagenesis 
        Full-length VAMP2 (amino acids 1-116) was inserted into the pGEX-KG vector to 
make the glutathione S-transferase fusion protein. To introduce the site-directed cysteine in 
the VAMP2, we changed the native cysteine 103 of wild-type VAMP2 to alanine. 
QuikChange site-directed mutagenesis was used to make all of the VAMP2 TMD mutants. In 
addition, recombinant Syntaxin 1A without Habc domain (SynHT, amino acids 168-288) and 
recombinant SNAP-25 in which four palmitylation sites on the interhelical loop were 
changed to alanines (amino acids 1-206), were also made as GST fusion proteins. All of the 
DNA sequences were confirmed by the Iowa State University sequencing facility. 
 
2.5.2 Protein expression, purification, and spin labeling 
        The GST-fusion proteins were expressed in the E.coli strain Rosetta (DE3) pLysS 
(Novagen). Usually, one clone from each plate was inoculated into 10 ml LB medium and 
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grown at 37ºC overnight with 100 µg/ml abtibiotic ampicillin. The overnight cell cultures 
were transferred into 500 ml LB medium with glucose (2 g/liter) and ampicillin (100 µg/ml) 
until the OD600 reached 0.6-0.8. Isopropyl-β-D-thiogalactopyranoside (0.3 mM) was added 
into the cell cultures to induce protein expression under a low temperature (16oC) for at least 
four hours.  
        For purification, the cell pellets were resuspended in 10 ml PBS buffer (phosphate-
buffered saline, pH 7.4) containing 0.5% Triton (X-100), 50 µl AEBSF (200 mM), 40 µl 
EDTA (500 mM) and 20 µl DTT (1 mM). The cells were broken by sonication on the ice 
bath. The n-lauroyl sarcosine (0.5%) were added to the cell lysate and rotated for 
approximately 30 minutes at 4ºC. The cell lysate was then centrifuged at 15,000g for 20 
minutes at 4ºC. The supernatant was applied to 1.5 ml glutathione-agarose beads and the 
solution was rotated for one hour at 4ºC. The protein bound-beads were then washed with 
more than 200 ml PBS buffer containing 0.1% Triton X-100. Spin labeling on the cysteine 
residues was done on the protein bound-beads overnight. Here four-fold excess 
methanethiosulfonate spin label (MTSSL) was added to make cysteine labeled with the 
nitroxide as much as possible. Free spin label was removed by washing with the cleavage 
buffer (50 mM Tris-HCl, 150 mM NaCl, 2.5 mM CaCl2, 0.1% Triton X-100, pH 8.0). Finally, 
the proteins were cleaved off from the resin with thrombin in the cleavage buffer containing 
1% n-octyl-D-glucopyranoside (OG). The concentrations of proteins were calculated by Bio-
Rad protein assay kit using bovine serum albumin as a standard. All of the proteins were 
confirmed by SDS-PAGE gel (data not shown). For spin-labeled protein, labeling efficiency 
was calculated by estimating spin-label intensity by EPR from labeled proteins and 
referenced spin label 4-Hydroxy-tempo after measuring their concentrations. For all samples, 
the labeling efficiency was more than 85 percent. 
2.5.3 Vesicle preparation and membrane reconstitution 
        For EPR study, the mixture of POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-
phosphatidylcholine), DOPS (1, 2-dioleoyl-sn-glycero-3-phosphatidylserine), and cholesterol 
in chloroform was dried in a vacuum overnight in a molar ratio of 85:15:0, 65:15:20, and 
45:15:40. The lipid films were resuspended in a buffer (25 mM HEPES/KOH, 100 mM KCl, 
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pH 7.4). Large unilamellar vesicles of a 100-nm diameter were prepared by an extruder 
through a polycarbonate filter (Avanti Polar Lipids) after more than 10 times freezing and 
thawing in the liquid nitrogen. The final concentration of the vesicle was 50 mM. Spin-
labeled VAMP2 mutants were mixed with vesicles at 4ºC by mutating the mixture for ~15 
minutes. The lipid-to-protein molar ratio was 200:1. Reconstitution efficiency was estimated 
by determining the protein concentration using EPR before and after reconstitution. For all 
samples, the efficiency was ~85 percent. For the lipid-mixing assay, 1.5 mole% each of 
NBD-PS(1,2-dioleoyl -sn-glycero-3-phosphoserine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)), 
and rhodamine-PE (1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine 
B sulfonyl)) were added to the v-SNARE vesicles for the fluorescence detection of the lipid 
mixing. The t-SNARE proteins SynHT and SNAP-25, in a molar ratio of 1:1, were premixed 
and the mixture was left at room temperature for ~60 minutes to form before the 
reconstitution. The proteins were reconstituted using the dialysis method described (63). The 
lipid-to-protein molar ratio was kept at 200:1.  
2.5.4 Lipid-mixing assay 
        To perform the lipid-mixing assay, the v-SNARE liposomes were mixed with the t-
SNARE liposomes at a molar ratio of 1:9. The total volume of reaction solution was 100 µl 
containing 1 mM lipids. Fluorescence was measured at excitation and emission wavelengths 
of 465 and 530 nm, respectively. Fluorescence changes were recorded by a Varian Cary 
Eclipse model fluorescence spectrophotometer using a quartz cell of 100 µl with 2-mm path 
length. All of the lipid-mixing experiments were carried out at 37ºC. Approximately 50 
minutes after the reaction, we added 1 µl 10%-reduced Triton to complete the fusion assay to 
obtain maximum fluorescence intensity (MFI). The inner leaflet mixing assay was performed 
following the procedure described in ref. 29. 
2.5.5 CW EPR data collection and analysis 
        Continuous wave (CW)-EPR spectra were collected using the Bruker ESP 300 
spectrometer (Bruker, Germany) equipped with a loop-gap resonator (Medical Advances, 
Milwaukee, WI) and a low noise microwave amplifier (Miteq, Hauppauge, NY). The 
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modulation amplitude was set at no greater than one-fourth of the line width. Room-
temperature (293K) and low-temperature (130K) spectra were collected for all reconstituted 
proteins. To measure interspin distances from CW-EPR line shapes, Fourier deconvolution 
analysis was used (37, 47).  
2.5.6 Distance measurements with the 4-pulse Ku-band DEER 
        Four-pulse DEER (44-46) experiments were conducted using a home-built Ku-band 
(17.35 GHz) pulse FT-ESR/DQC spectrometer set up to operate using a single power 
amplifier. The probehead was equipped with a dielectric resonator housed within a CF935 
helium flow cryostat (Oxford Instruments, Ltd.), as reported elsewhere (53-55). All 
measurements were conducted at 65K using a 15 µL sample volume. All three pulses of the 
detection mode had 20-ns lengths. The π-pulse of the pump mode was typically 20 ns. 
Otherwise it was 12 ns in case of short distances. The detection frequency was set 70 MHz 
below the detection frequency to pump at the center maximum of the spectrum for 20-ns 
pulses, or 80 MHz below for 12-ns pulses. It was sufficient to record the signal over a 1.5 µs 
period to capture the relevant data with high SNR after just a few hours of signal averaging 
using a 1 KHz repetition rate. The dipolar signals measured by DEER were analyzed by the 
L-curve Tikhonov regularization method (64) and refined by MEM (65) to recover distance 
distributions.  
2.5.7 Disulfide cross-linking fusion assay 
        VAMP2 wild type C103 or mutant Y113C was cross-linked with CuSO4 (36 µM) and 
phenanthroline (72 µM) under room temperature for 40 minutes. Cross-linked dimer C103C-
C and Y113C-C and non-cross-linked C103 and Y113C were separately reconstituted into 
the fluorescent vesicles while the t-SNARE binary complex was inserted into the non-
fluorescent vesicle (POPC/DOPS=85:15 in moles). The lipid-mixing assay was performed as 
the procedure described above except that the 1:1 ratio of v-liposome and t-liposome was 
used this time. The total volume of reaction solution was 100 µl containing 0.4 mM lipids.  
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Figure 1. Lipid-mixing assay at several different cholesterol concentrations. 
 
(A) The changes of NBD fluorescence reflecting lipid mixing. The black trace is the control 
run with the t-liposomes reconstituted with only Syntaxin 1A (without SNAP-25). The gray 
trace shows lipid mixing for both v- and t- liposomes without cholesterol. The cyan trace is 
the lipid-mixing assay with 20 mole% cholesterol on both sides. The red trace represents the 
lipid-mixing assay with 40 mole% cholesterol on both liposomes. (B) The relative initial 
rates. The initial rates were determined by fitting the rise of the fluorescence intensity with 
the linear line near t=0. (C) The inner leaflet mixing assay. The gray trace is the negative 
control without SNAP25. The blue trace is the fluorescence change representing inner leaflet 
mixing for the vesicles without cholesterol, while the pink trace representing inner leaflet 
mixing for the vesicles with 40 mol% cholesterol. (D) The relative initial rates for inner 
leaflet mixing. 
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Figure 2. Lipid-mixing assays with asymmetric distribution of cholesterol. 
 
(A) The changes in the NBD fluorescence intensity reflecting lipid mixing. The black trace is 
the control run with the t-SNARE liposome reconstituted with only Syntaxin 1A (without 
SNAP-25). The gray trace is for the case without cholesterol. The red trace is for v-liposome 
with 40 mole% cholesterol and no cholesterol on t-liposome. The blus trace is vice versa. 
The pink trace is for 40 mole% cholesterol on both sides. (B) The relative initial rates of 
fusion. The initial rate for the case without cholesterol was set as 1.  
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Figure 3. SDSL and the EPR analysis of spin-labeled VAMP2 transmembrane domain 
(TMD). 
 
(A) Room-temperature EPR spectra of spin-labeled VAMP2 mutants shown in the derivative 
mode. The red spectra are for the mutants reconstituted to vesicles contained 40 mole% 
cholesterol. The black spectra are for the proteins in the vesicles without cholesterol. (B) 
Low-temperature EPR spectra of VAMP2 mutants shown in the absorbance mode. For each 
mutant, the red spectrum is with 40 mole% cholesterol and the black spectrum is with no 
cholesterol. The blue spectra are the control from yeast Syntaxin-analog Sso 1p N227C, 
which shows no spin-spin interaction (32). The symbol * represents several dipolar 
broadened spectra even without cholesterol in the vesicle. The symbol ** represents further 
broadening after the addition of 40 mole% cholesterol. (C) Plot of distances vs the residue 
number for the VAMP2 TMD. In the presence of cholesterol, distances (filled circles) were 
measured by CW-ESR. In the absence of cholesterol, distances (<25Å) for the residues 96-
 55
107 were measured by CW-EPR (unfilled circles). The remaining 108-116 were measured by 
DEER. DEER was also conducted for residues 100-107 (not shown) giving, within 
experimental uncertainty, slightly longer distances than CW-EPR. (D) Helical wheel diagram 
of VAMP2 TMD. Positions 106, 110, and 113, which showed the shorter distance at 40 
mole% cholesterol, are shown in red. Positions 96, 99, and 103, which showed shorter 
distances even without cholesterol in the vesicle on the same side of the helix, are shown in 
white.  
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Figure 4. Fusion assay for cross-linked VAMP2 wild type C103 or mutant Y113C. 
 
(A) The NBD fluorescence change for cross-linked Y113C-C. The gray trace is a negative 
control without SNAP-25. The black trace is for the lipid-mixing assay for non-cross-linked 
VAMP2 mutant Y113C without cholesterol. The red trace is for the cross-linked VAMP2 
mutant Y113C-C without cholesterol. The blue and pink traces are for the non-cross-linked 
Y113C and cross-linked Y113C-C in the vesicle with 40 mol% cholesterol, respectively. The 
right panel is the relative initial rates. (B) The NBD fluorescence change for cross-linked 
C103C-C. The cyan trace is for the lipid-mixing assay for non-cross-linked VAMP2 C103. 
The red trace is the cross-linked VAMP2 C103C-C. The relative initial rates were shown at 
the right panel. 
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Figure 5. Hypothetical models for the VAMP2 TMDs in the membrane in the absence 
(A) and in the presence of cholesterol (B). 
(A) In the absence of cholesterol, the dimer has an open-scissor-like conformation that may 
force the bilayer to have the negative curvature, which is not favorable for fusion.  
(B) But in the presence of cholesterol, the dimer changes to the parallel conformation, which 
may not harbor the unfavorable negative curvature. The Syntaxin TMD was modeled as a 
tetramer based on our earlier work on yeast SNAREs 
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2.8 SUPPORTING INFORMATION 
 
 
Background for Pulse Dipolar ESR techniques used 
 
        The signal recorded by the 4-pulse DEER sequence [1-3] is typically a product, 
, with 
)(tV
)()( tVtV intrainter rr ))(cos1(10 tpVVintra   containing the desired intramolecular 
dipolar signal, 
r
r tpVtVdip )(
2cos 
)(cos0   originating from the dipole-dipole interaction of the 
electron spins residing on the same molecule. Here, the characteristic frequency 
 is produced by the dipole coupling between two electron spins 
separated by r|r|, where  is the angle between r and the static polarizing magnetic field, 
3/)3 r2 1()( e  r
ħ is  Planck’s constant, and e is the gyromagnetic ratio for an electron spin. Also, p is the 
fraction of spins flipped by the pumping pulse. The remainder of Vintra, that is, ,  is a 
constant background from the fraction of spins that contribute to but have their partners 
unaffected by the pump pulse and do not add to dipolar signal.  Removing this background 
isolates the V
)1(0 pV 
)(tV
dip(t).  As noted above, V(t),  recorded in DEER, is modified by a 
monotonically-decaying Vinter, which is produced by dipole-dipole couplings with all other 
electron spins surrounding the molecule.  This presents a task of extracting Vintra because the 
exact time-dependence of Vinter is often unknown and has to be approximated, e.g., by fitting 
it to a low-order polynomial, using a sufficient number of the latter data points, with 
subsequent extrapolation of the remaining points.  The isolated dipolar signals were analyzed 
by the L-curve Tikhonov regularization method [4] and refined by MEM [5] to recover the 
distance distribution, P(r).  Typical dipolar signals and respective P(r)’s are shown in Fig. S1. 
 
VAMP2 Dimerization 
        In the case of oligomer of order N, bearing nitroxide spins k=1, ..., N, the dipolar signal 
can be written in the spirit of Ref. 6: 
ik
N
i ik
ikikikkintra tvpfN
VtV
r
r
 

1
)),(1(1)0()(     (S1) 
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Here, 
ik
tpftv ikikkikik rrr ))(cos(1),(   is the intermolecular dipolar signal detected on spin 
i when pumping on spin k, pik is the probability to flip spin k by the pump pulse; rik is the 
vector connecting spins i and k. Also, fk is the probability for the site k to be populated with 
spin label. Angular brackets denote averaging over all possible values of rik. All vik(t) are 
zeros at t=0 and unities at t=.  We first assume that all fk are equal to unity. Because pik<<1 
at sufficiently large t, and the pik normally exhibit only small variations, one can expand Eq. 
s1 as ()( VtVintra  al “modulation depth,” 1-V()/V(0), is (N-1) p, 
i.e., this is a measure of the number of spins in the oligomer (7, 8). For just two spins N-1=1, 
thus when one finds the modulation depth to be consistent with the calculated value of p, 
then there is a dimer. Certainly, care should be taken to make sure that f1 or that its value is 
known. The signal should be sampled over a sufficiently long time interval, t
])1(1)[0 pN  . Thus sign
m, to ensure 
v(tm)_1, (tm of 1-2_s was sufficient for VAMP2). We show here a comprehensive example 
of the data obtained for VAMP2 singly labeled at position 109 reconstituted into dodecyl-
maltoside (DMM) micells and into the lipid environments, both with and without the addition 
of cholesterol. 
Because this mutant is 80% labeled, the dipolar amplitudes agree well with just a dimmer in 
DDM and POPC/DOPS. Signals from DDM and POPC/DOPS/Chol demonstrate single 
narrow distributions with average distances of 2.85 and 2.95 nm, respectively. This is clear 
indication that there are similar bimeric structures in these 2 cases. The signal shows signs of 
aggregation of dimmers, (seen as a broad background in Fig. S2d, red curve) in the latter case. 
The strongly oscillating signals in Fig. S2a and c point to the nearly parallel “cones” sampled 
by MTSL side chains (9-11), leading to such a narrow distance distributions, thus giving a 
further support to the dimeric state. For the most of other mutants in detergents, the 
oscillations are less pronounced or absent, which can be attributed to the flexibility of MTSL 
side chains. The dimmer in the absence of cholesterol shows no oscillations for all sites 
studied, indicating that the structure of the dimmer is more conformationally heterogeneous 
than in the other 2 cases. The average distances however are in the range of 2.0-3.5 nm, with 
the larger values corresponding to the C terminus. 
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Figure S1. Representative examples of DEER data for VAMP2 labeled at positions 100, 
112, and 115. 
 
a) Time-domain DEER signals. Signal backgrounds were removed by subtracting out 2nd-
degree polynomial fits using ca 60% of the latter data points in a logarithmic scale. Signals 
were normalized to a common value of 0.2 at zero time.   
b) The respective distance distributions obtained by the L-curve Tikhonov regularization 
method with MEM refinement that included baseline fine adjustment into the fit.  
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Fig. S2. VAMP2 dimer formation in detergent and vesicles. 
Normalized dipolar signals are shown after making standard correction for simple 
exponential background (in detergent) or slightly deviating from this (for liposomes). (a) The 
data were recorded for 109 mutants in DDM. (b and c) Shown are 109 in POPC/DOPS 
(85:15) and POPC/DOPS/cholesterol (45:15:40), respectively. (d) Normalized distance 
distributions for a (black), b (blue) and c (red). 
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Fig. S3. SDS/PAGE gel analysis for cross-linked dimers. Y113C-C and C103C-C are the 
cross-linked dimers. 
 
The terms Y113C and C103 are for the noncross-linked dimmers. Lanes 6 and 7 represent the 
proteins reconstituted into liposomes. Others represent the protein samples in detergent.  
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CHAPTER 3: MOLECULAR BASIS OF THE POTENT MEMBRANE 
REMODELING ACTIVITY OF THE EPSIN1 ENTH DOMAIN 
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Källberg, Michelle A. Digman, Hui Lu, Enrico Gratton, Yeon-Kyun Shin, and Wonhwa Cho 
 
 
3.1 ABSTRACT 
 
        The mechanisms by which cytosolic proteins reversibly bind the membrane and induce 
the curvature for membrane trafficking and remodeling remain elusive. The epsin1 ENTH 
domain has potent vesicle tubulation activity despite lack of intrinsic molecular curvature. 
EPR revealed that the N-terminal α-helix penetrates the PtnIns(4,5)P2-containing membrane 
at an unique oblique angle and concomitantly interacts closely with helices from neighboring 
molecules in an antiparallel orientation. The quantitative fluorescence microscopy showed 
that the formation of highly ordered ENTH domain complexes beyond a critical size is 
essential for its vesicle tabulation activity. The mutations that interfere with the formation of 
large ENTH domain complexes abrogated the vesicle tubulating activity. Furthermore, the 
same mutations in the intact epsin1 abolished its endocytic activity in mammalian cells. 
Collectively, these results show that the ENTH domain facilitates the cellular membrane 
budding and fission by a novel mechanism that is distinct from that proposed for BAR 
domains. 
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3.2 INTRODUCTION 
 
        Cell membranes undergo dynamic structural changes and remodeling during movement, 
division, and vesicle trafficking (1, 2). In particular, vesicle budding and fusion constantly 
take place in various cell membranes to maintain communication and transport between 
membrane-bound compartments (3). Dynamic membrane remodeling involves changes in 
local membrane curvature (or deformation) that are orchestrated by membrane lipids, integral 
membrane proteins, and cytoskeletal proteins (4, 5). Recently, several groups of cytosolic 
proteins that reversibly bind membranes and induce and/or detect different types of 
membrane curvatures during membrane remodeling have been identified. In particular, 
cytosolic proteins that are involved in different stages of clathrin-mediated endocytosis have 
received the most attention (6, 7) and many of them contain either an ANTH (Ap180 N-
terminal homology) /ENTH (Epsin N-terminal homology) (8,9) or a BAR (Bin-
Amphiphysin-Rvs) domain (9-12). Although ENTH (13) and BAR domains (14-17) have 
been reported to have in vitro vesicle tubulating activities, the exact mechanisms by which 
these domains induce membrane deformation and larger scale membrane remodeling, 
especially under physiological conditions, are yet to be elucidated. For BAR domains, their 
unique intrinsic molecular curvatures have been postulated to be important for membrane 
deformation through a scaffolding mechanism (4). Also, recent studies have shown that F-
BAR domains from FBP17 and CIP4 form highly ordered self-assembly in 2D (18) and 3D 
(19) crystals and that disruption of intermolecular interactions abrogates their membrane 
deformation activities. Despite remarkable success in structural characterization of various 
BAR and ENTH domains, questions still remain as to whether individual domains function 
by a universal mechanism or by different mechanisms, whether the intact proteins harboring 
these domains behave in the same manner as the isolated domains, especially under 
physiological conditions, and how and when these proteins contribute to endocytosis and 
other cellular vesicle budding processes. 
 The ENTH domain (ca. 140 amino acids) has a compact globular structure of 8 -helices 
and inter-helical loops (20). This domain was first identified in epsin that binds the clathrin 
adaptor AP-2 (21). Subsequently, the ENTH domain was identified through homology 
searches in a number of proteins involved in the early stages of clathrin-mediated 
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endocytosis. Structural studies have shown that these domains have similar structures despite 
low sequence similarity (13, 22, 23). The ENTH domain of AP180/CALM binds 
phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P2) via a cluster of surface basic residues 
(22). Surprisingly, the ENTH domain of epsin1, which lacks this basic region, also binds 
PtdIns(4,5)P2 (23). The X-ray structure of the epsin1-ENTH-inositol-(1,4,5)-triphosphate 
(Ins(1,4,5)P3) complex revealed that Ins(1,4,5)P3 induces the formation of an N-terminal 
amphiphilic -helix (H0) that constitutes the binding pocket for Ins(1,4,5)P3 (13). Also, in 
vitro studies (24, 25) of the epsin1 ENTH domain indicated that hydrophobic residues on the 
same face of H0 penetrate the membrane in a PtdIns(4,5)P2-dependent manner, which is 
important for its vesicle tubulation activity. In contrast with the epsin1 ENTH domain, the 
ENTH domain of CALM/AP180, which lacks the N-terminal amphiphilic -helix, does not 
induce vesicle tubulation. It is thus generally believed that membrane penetration of H0 is 
essential for the generation of the positive membrane curvature and membrane deformation. 
For this reason, ENTH domains are often subdivided into ENTH (epsin-like) and ANTH 
(AP180/CALM-like) domains on the basis of the presence of the N-terminal amphiphilic -
helix (and vesicle tubulating activity) (13). However, there are many proteins with 
membrane-penetrating amphiphilic -helices that do not effectively induce membrane 
deformation, especially under physiological conditions. This raises a question as to how 
exactly some ENTH domains cause vesicle tubulation in vitro and facilitate vesicle budding 
during clathrin-mediated endocytosis. In this study we have performed biophysical, structural, 
computational, and cell studies to elucidate the mechanism of vesicle tubulation by the 
epsin1 ENTH domain. Results provide evidence for a novel mechanism in which the self-
association of the ENTH domain into highly ordered aggregates on the membrane drives the 
membrane remodeling activity of epsin1. 
 
3.3 RESULTS 
 
3.3.1 Vesicle Tubulation Activity of Epsin1 ENTH Domain 
To date vesicle tubulation activity of proteins has been measured primarily by electron 
microscopy (38, 39). Although the method provides high-resolution images of the tubules 
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generated by proteins, it does not allow continuous kinetic analysis that is necessary for 
quantitative evaluation and mechanistic investigation. Also, the method requires non-
physiologically high concentrations of proteins (i.e., 5-10 µM). We therefore developed a 
fluorescence microscopy-based vesicle tubulation assay using sucrose-loaded GUV 
containing a fluorescence-labeled lipid that allows real-time kinetic analysis with 
submicromolar concentrations of proteins. GUV made of 
POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE (46.5:30:20:3:0.5 in mole ratio) were stable in the 
absence of proteins (Fig. 1D) but showed varying degrees of deformation and tubulation in 
the presence of different proteins. At a given time, 0.5 M of human epsin1 ENTH domain 
clearly caused more vesicle deformation (Fig. 1B) than the same concentration of drosophila 
amphiphysin BAR domain (Fig. 1A) and another BAR domain from human endophilin (data 
not shown). Also, the ENTH domain produced more developed tubules while the BAR 
domains mostly generated small buds. When either the percentage of tubulated vesicles (Fig. 
1D) or the number of tubules per vesicle (not shown) was plotted as a function of time, the 
ENTH domain had 2-3 fold higher activity than BAR domains. The vesicle tubulation 
activity gradually increased with increasing protein concentrations, and above 10 M, the 
ENTH and the BAR domains showed comparable tubulation activity. The vesicle tubulation 
activity of the epsin1 ENTH domain has been reported (13) and ascribed to its membrane-
penetrating activity (24); however, it is somewhat surprising to find that the ENTH domain 
can have higher vesicle tubulation activity than the BAR domains despite the lack of the 
intrinsic molecular curvature that is thought to be important for the vesicle tubulation activity 
of BAR domains (1,11,14). This suggests that the epsin1 ENTH domain has unique structural 
and physical properties that confer novel functionality to this small domain.  
 
3.3.2 Membrane Interaction Mode of Epsin1 ENTH Domain 
        Although it has been reported that H0 of epsin1 ENTH domain penetrates the membrane 
in a PtdIns(4,5)P2-dependent manner (13,24,25), detailed structural information about the 
membrane-bound ENTH domains is not available. To understand the mechanism underlying 
the potent vesicle tubulation activity of the ENTH domain, we thus determined its 
membrane-docking topology by EPR analysis using a nitroxide scanning strategy. A single 
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Cys at position 96 was first mutated to Ala to generate C96A that showed essentially the 
same binding activity for POPC/POPS/PtdIns(4,5)P2 (77:20:3) vesicles as wild type (WT) 
when assayed by SPR analysis (see Table 1). Using C96A as template each residue in the H0 
(residues 5-14) of the ENTH domain was mutated to Cys, and each Cys mutant was modified 
with a nitroxide spin-label MTSL. Since H0 residues are involved in either PtdIns(4,5)P2 
coordination (13) or membrane penetration (13,24), some of these mutants and their spin-
labeled forms showed significantly lower binding activity than WT (see Table 1). When the 
lipid-to-protein concentration ratio and the total lipid and protein concentration were kept 
high, however, these spin-labeled mutants could all bind the vesicles, thereby allowing us to 
collect the EPR signal of the membrane-bound protein.  
        We first measured the structural transition of H0 in the presence of POPC/POPS (80:20) 
vesicles and POPC/POPS/PtdIns(4,5)P2 (70:20:3) vesicles by monitoring the EPR line shape 
changes. As shown in Fig. 2A and in agreement with a previous report (25), the EPR spectra 
of the H0 region were significantly broadened in the presence of PtdIns(4,5)P2 in the vesicle, 
indicating the necessity of PtdIns(4,5)P2 for membrane binding. We then determined the 
membrane bound topology of H0 by the EPR power saturation method (40), which measures 
the accessibility (W) of the spin label to a water-soluble paramagnetic reagent such as Ni(II) 
ethylenediamine-N,N'-diacetate (NiEDDA) or to a nonpolar paramagnetic reagent such as O2 
(27,28). For individual mutants, three power saturation curves were obtained after 
equilibration with N2, with air (N2 + O2), and with N2 in the presence of 200 mM NiEDDA. 
From saturation curves, the accessibility of the spin labels to O2 (WO2) and NiEDDA 
(WNiEDDA), respectively, was determined (Fig. 2B) and then the immersion depth of the H0 
was calculated based on the reference curves (Fig. 2C) (40). A modified sine function that 
was developed to fit the immersion depth data to a model -helix successfully fit our data, 
indicating that residues 5 to 14 in the H0 form an -helix in the membrane, similar to the 
previous findings (27). The immersion depth profile of H0 shows that hydrophobic side 
chains, Leu6, Met10, Ile13, and Val14 are inserted into the membrane, reaching up to 13 Å 
from the phosphate group. This degree of membrane penetration depth is comparable to that 
reported for other amphiphilic -helices determined by EPR analysis. However, H0 
penetrates the membrane in a unique slanted orientation, similar to the fusion peptide of 
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influenza hemagglutinin (41), with the helical axis forming an about 11 degree angle against 
the membrane normal (Fig. 2A), suggesting the novel oblique-angle membrane penetration 
of H0 may play a role in potent membrane-deforming activity of the ENTH domain. The 
analysis also indicated that Lys7 and Lys11 are inserted into the membrane. However, this is 
presumably due to the substitution of lysines with less polar MTSL-labeled cysteins. In the 
native structure, these lysine side chains are expected to be tucked in so that their -amino 
groups may interact with polar headgroups.  
        Interestingly, a significant degree of spin-spin interaction was observed with some 
single-site labeled mutants, including R7C and Q9C, which was evident in the EPR spectra at 
low temperature (130K; Fig. 2D). In particular, the inter-spin distance was within 17 Å for 
the spin labels attached to two H0 residues, R7C and Q9C. These distance measurements by 
low-temperature EPR (26) suggest that neighboring H0 units interact with one another in an 
anti-parallel manner, which in turn suggests the well-ordered clustering of membrane-bound 
epsin1 ENTH domains.  
        To better understand the structural basis and the functional consequences of the 
aggregation of membrane-bound epsin1 ENTH domains, we built an energy-minimized 
model of the ENTH dimer as a minimal unit of self-associated ENTH domains on the basis 
of our EPR data (Fig. 3B). The model suggests that the two ENTH domains interact with a 
reasonably large interface of 726 A2 and several residues, including Arg7, Gln9, and Val14 
in H0, Lys23, and Glu42, are involved in intermolecular interactions. To generate mutants 
that disrupt ENTH aggregation without decreasing its membrane affinity, we focused on non-
H0 residues, Lys23 and Glu42, and prepare several mutants, including K23A, K23E, E42A, 
and E42K; unfortunately, however, their low bacterial expression levels hampered further 
characterization. Interestingly, we found that a double charge-reversal mutant, K23E/E42K, 
had drastically reduced vesicle tubulation activity (see Fig. 1C and 1D) despite having the 
same net charge as the WT and only modestly reduced membrane affinity (Table 1). 
Electrostatic calculation indicates that K23E/E42K has lower interaction energy than wide 
type by about 2.6 kcal/mol due to restricted placement of mutated side chains, which may 
cause K23E/E42K to self-associate to a significantly lower degree than wild type. We thus 
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used this mutant to check the validity of our structural model of self-association for the 
membrane-bound ENTH domain.  
        The C96A-K23E/E42K-Q9C mutant had about 75% of the affinity of C96A-Q9C for 
POPC/POPS/PtdIns(4,5)P2 (70:20:3) vesicles when assayed by SPR analysis (see Table 1). 
As a result, a significant and comparable portion of these proteins were membrane-associated 
in the presence of excess lipids and gave EPR signals after pelleting with the vesicles. As 
shown in Fig. 2E, the K23E/E42K mutation greatly reduced the spin-spin coupling of the 
spin-labeled Q9C, suggesting that Lys23 and Glu42 are involved in intermolecular 
interactions and the aggregation of the ENTH domain on the vesicle surface is directly 
correlated with its vesicle deforming activity. 
  
3.3.3 Quantification of Protein Self-Association by Number and Brightness Analysis 
        To further investigate the extent of the self-association of the epsin1 ENTH domain on 
the membrane, we performed the number and brightness analysis on the raster-scanned 
images, which has been successfully employed in quantification of particle and protein 
aggregation (32). For these studies, the ENTH domain was labeled with Alexa Fluor 488 C5 
maleimide on a single Cysteine at position 96 that is remote from H0. Alexa Fluor 488-
labeled WT has essentially the same membrane affinity as WT when measured by SPR 
analysis (see Table 1). The fluorescence-labeled ENTH was used with 
POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE (46.5:30:20:3:0.5) GUV. A main advantage of our 
orthogonal fluorescence labeling approach is that it allows direct real-time spatiotemporal 
correlation between protein aggregation and vesicle deformation because both processes can 
be simultaneously monitored. Raster-scanned images (see Fig. S1A) of the fluorescence-
labeled ENTH domain interacting with the GUV was subjected to the first and second 
moment analysis to yield apparent brightness (B) and number (N) (or intensity) (see Fig. S1B 
and S1C). The true brightness (= B - 1) of each protein species was then determined from B. 
The epsin1 ENTH domain is known to exist as monomer in solution (13, 23), which was 
confirmed by our gel filtration chromatography experiment: it remained as a monomer with 
the protein concentration up to 10 M (data not shown). We therefore determined the B value 
(= 1.05 ± 0.03; i.e.,  = 0.05) for the monomeric ENTH domain by analyzing the free ENTH 
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domain in the absence of GUV. Using this value, we then assigned the average aggregation 
state of the protein in individual pixels from their values: e.g., for dimers  = 0.1 (or B = 
1.1); for trimers  = 0.15 (or B = 1.15), and etc. It should be noted that a particular aggregate 
(e.g., pentamer) determined by our analysis represents a tightly associated molecular 
complex that diffuses as a single unit, not a transiently and loosely bound species formed by 
protein crowding. The numbers of pixels corresponding to each aggregate at a given time 
were counted and the relative population of each species was plotted as a function of time 
(Fig. 4A).  
        When the ENTH domain was added to the GUV, it rapidly bound the GUV as indicated 
by the strong Alexa Fluor 488 fluorescence intensity at the GUV surface (data not shown). At 
the earliest time (i.e., 2 minutes) that allowed statistically robust number and brightness 
analysis, the ENTH domain already existed as a highly heterogeneous mixture of protein 
aggregates with smaller aggregates (i.e., dimer to octamer) forming the majority, suggesting 
that the domain spontaneously starts to aggregate on the vesicle surface. After 4 min, larger 
aggregates (i.e., 10-mer to >100-mer) began to predominate and the relative abundance of 
those larger than 20-mer reached more than 40% after 10 minutes (Fig. 4A). Importantly, the 
formation of these large aggregates synchronized with the generation of tubules from vesicles. 
A more detailed time course map for 10- to 30-mer (see Fig. S2) shows that the accumulation 
of 20- to 24-mer is best synchronized with vesicle tubulation, further corroborating the notion 
that the formation of ENTH domain clusters larger than a 20-mer is essential for vesicle 
tubulation. The vesicles visualized by monitoring Rh-PE fluorescence started to show 
deformation after 3-5 minutes and contained extensive short tubules after 10 minutes (Fig. 
4C). When the images of GUV (see white spheres in Fig. 4D and 4E) were superimposed 
with the distribution of different aggregates of the ENTH domain (see red images in Fig. 4D 
and 4E), those aggregates that are larger than a 20-mer were only concentrated on tubules 
whereas smaller aggregates were rather evenly distributed over the vesicular surfaces. 
Through all phases of vesicle interactions, the relative population of a monomeric species of 
the ENTH domain remained minor to negligible. Essentially the same trend was observed 
with >20 GUVs that were tubulated by the ENTH WT.   
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        In contrast to the WT ENTH domain, the K23E/E42K mutant with abrogated vesicle 
tubulation activity did not form large aggregates (Fig. 4H). The monomer and smaller 
aggregates predominate throughout the entire time course (Fig 4B). Also, K23E/E42K 
caused little to no damage to vesicles (Fig. 4F) and its monomer and smaller aggregates are 
evenly distributed over the vesicular surfaces (Fig. 4G). The same trend was seen even with 5 
M K23E/E42K, showing that the ENTH domain aggregation is not a non-specific clustering 
driven by protein crowding. Furthermore, when K23E/E42K and WT were mixed at a 1:1 
ratio, WT showed little to no tendency to deform vesicles and form large self-aggregates, 
indicating that the mutant inhibits the aggregation of WT presumably by interfering with its 
optimal intermolecular interactions. This in turn underscores the specific nature of the ENTH 
domain aggregation. Together, these results demonstrate the direct spatial and temporal 
correlation between the higher-order self-association of the ENTH domain and its vesicle 
tubulation activity.  
 
3.3.4 Physiological Significance of ENTH Domain Aggregation  
        Epsin1 has been proposed to serve as an endocytic adaptor. It has been reported that 
epsin1 mutants that cannot effectively bind PtdIns(4,5)P2 strongly inhibit the clathrin-
mediated endocytosis of EGF and transferrin receptors when overexpressed in COS7 cells 
whereas WT does not influence the endocytosis of these receptors (13,23). To assess the 
importance of the ENTH domain aggregation in the physiological function of epsin1, we 
measured the effects of overexpressing full-length epsin1 WT and K23E/E43K in NIH 3T3 
cells. As reported previously (13,23), epsin1 WT with a C-terminal EGFP tag showed largely 
cytosolic distribution with some localization in the plasma membrane (Fig. 5A), and 
transferrin receptors visualized by Texas Red-labeled transferrin were seen as puncta in the 
cytosol and in the perinuclear region in all cells, regardless of overexpression of epsin1 WT 
(Fig. 5B). Thus, exogenous epsin1 had only a minor effect on the transferrin receptor 
endocytosis presumably due to the presence of endogenous epsin1. In contrast, 
overexpression of K23E/E43K, which showed similar subcellular distribution to the WT (Fig. 
5C), strongly inhibited transferrin receptor endocytosis (Fig. 5D; compare the receptor 
distribution in K23E/E43K-expressing and non-expressing cells). Among >100 cells 
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examined, the transferrin endocytosis was observed in 86% of cells expressing WT but only 
25% of cells expressing K23E/E43K. Similar results were seen in COS7 cells. It is therefore 
clear that the full-length K23E/E43K mutant inhibits the endocytic function of endogenous 
epsin1. In conjunction with our in vitro results indicating that the K23E/E43K mutant of the 
ENTH domain inhibits the self-association of the WT ENTH domain, these results support 
the notion that the intact epsin1 also aggregates through the self-association of its N-terminal 
ENTH domain on the plasma membrane and that this aggregation is important for the 
endocytic function of epsin1. 
 
3.4 DISCUSSION 
        The present study provides new evidence that the epsin1 ENTH domain induces 
membrane deformation through a unique mechanism involving protein self-association. It 
also indicates that the aggregation of the ENTH domain also occurs in the context of the full-
length protein and has significant functional consequences under physiological conditions. It 
has been well established that PtdIns(4,5)P2 induces the formation of the amphiphilic Ho 
helix structure of the epsin1 ENTH domain (13), which then causes hydrophobic residues on 
Ho to penetrate the membrane (24,25). It is generally thought that the insertion of Ho to one 
leaflet of the lipid bilayer causes a discrepancy in bilayer surface area and consequently the 
positive curvature and membrane deformation (13). Membrane penetration by an amphiphilic 
-helix is also postulated to be important for the membrane-deforming activity of N-BAR 
domains, including those from amphiphysin (14, 42) and endophilin (43, 44). However, it 
does not fully explain why the epsin1 ENTH domain has such potent membrane deforming 
activity despite not having intrinsic molecular curvature and why many other proteins with 
amphiphilic -helices or hydrophobic loops show a much lower tendency to deform the lipid 
bilayer. Our EPR and fluorescence microscopy results strongly support that the potent 
membrane deforming activity of the epsin1 ENTH domain mainly drives from the unique 
oblique-angle membrane penetration of its Ho and its self-association into highly-ordered 
large protein complexes, which is distinct from simple physical crowding, on the membrane 
surface. Hydrophobic residues, Leu6, Met10, Ile13, and Val14, on one face of the 
PtdIns(4,5)P2-induced Ho penetrate into the hydrophobic region of the lipid bilayer in a 
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slanted orientation with the helix axis forming a ca. 11 degree angle against the membrane 
normal. In this orientation, Arg7, Gln9, and Val14 in the Ho serve as an intermolecular 
interaction surface for the epsin1 ENTH domain. Thus, the formation of the amphiphilic Ho 
not only facilitates the membrane penetration of the ENTH domain but also promotes 
favorable intermolecular interactions, as seen in our dimer model illustrated in Fig. 3B. In 
solution where the N-terminal region was reported to be unstructured (13, 23), the epsin1 
ENTH domain does not show any tendency to aggregate even at micromolar concentrations.  
        Our newly developed GUV tubulation assay and number and brightness analysis 
provide unprecedented mechanistic details about the protein-induced vesicle deformation. 
The vesicle deformation and tubulation is temporally and spatially correlated with the 
formation of large ENTH domain complexes on the vesicle surface. The time course of the 
formation of large protein aggregates is well synchronized with the vesicle tubulation and 
these protein complexes are predominantly localized at protruding buds and tubules. The 
brightness analysis indicates that the ENTH domain spontaneously forms a highly 
heterogeneous mixture of protein aggregates upon binding to PtdIns(4,5)P2-containing GUV. 
The mixture is mainly composed of smaller complexes initially but gradually dominated by 
much larger protein complexes. These results suggest that there is a critical size of the protein 
complex required for effective vesicle tubulation, the formation of which accounts for the 
time course of vesicle tubulation. Above the critical size, the mechanical force exerted by 
concerted penetration of multiple Ho units would seem sufficient to cause the positive 
curvature formation and membrane deformation. Undoubtedly, further studies are required to 
determine how the ENTH domain forms large protein complexes and how they drive the 
membrane deformation. Intriguingly, our preliminary molecular dynamics simulation implies 
that the ENTH domain can form well-ordered complexes using the dimer in Fig. 3B as a 
repeating unit (see Fig. 3C) and that these complexes interact more energetically favorably 
with a curved membrane than with a flat membrane. This is in contrast to the monomer and 
the dimer that interact favorably with the flat membrane. It is also consistent with our finding 
that large ENTH complexes are mainly found in the highly curved buds and tubules (see Fig. 
4E). Thus it is reasonable to postulate that the formation of large well-ordered complexes 
beyond the critical size induces the local membrane curvature, thereby driving membrane 
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deformation and tubulation. Judging from the inability of K23E/E42K to induce vesicle 
tubulation despite its tendency to form smaller aggregates, the penetration of multiple Ho 
units from highly-ordered protein complexes must be synergistic and much more effective 
than that of Ho units from scattered patches of smaller ENTH domain aggregates or 
monomeric ENTH domains. Although it is difficult to determine the critical cluster size 
accurately due to the highly dynamic nature of protein self-association, our detailed number 
and brightness analysis (see Fig. S2) suggests that it is around 20-22 under our experimental 
conditions. Obviously, the value would vary significantly depending on the physiochemical 
properties of vesicles and other factors, including the presence of other proteins.  
        Previous reports have suggested that the N-terminal ENTH domain is functionally 
responsible for the intact epsin1. For instance, genetic studies in yeast and Dictyostelium 
discoideum showed that the N-terminal ENTH domains of Ent1p (45) and epnA (46), 
respectively, which are epsin1 orthologs, are sufficient for the cellular function of these 
epsins although the C-terminal regions are also necessary for protein-protein interactions and 
localization. Our results showing that the K23E/E42K mutation that disrupts the self-
association of the ENTH domain abrogates the cellular endocytic function of the full-length 
epsin1 strongly support that the ENTH domain mainly accounts for the physiological activity 
of epsin1 and that the self-association of the membrane-bound ENTH domain is essential for 
the physiological activity of epsin1. It should be noted that such a functional correlation has 
not been reported between an isolated BAR domain and its intact protein under physiological 
conditions. An attempt to directly measure the self-association of the full-length epsin1 in 
vitro was unsuccessful due to the difficulty encountered in the expression and purification of 
epsin1.  
        Collectively, the present results provide new mechanistic insight into how the small 
ENTH domain exerts potent vesicle tubulation activity. Our study also demonstrates the 
differences in membrane deforming activity and mechanism between ENTH and BAR 
domains. This in turn provides additional insight into different physiological functions of 
these proteins. Epsin family members, epsin1 in particular, have been implicated in inducing 
membrane curvature at the onset of endocytosis, on the basis of biophysical and cellular 
studies using WT and mutants of isolated ENTH domains and intact epsin proteins (13, 23). 
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The epsin1 ENTH domain has potent activity to induce positive membrane curvature from 
lamellar lipid bilayers and thus it is well suited for its putative role. Clathrin, other endocytic 
adaptor proteins, and accessory proteins will then take over the process of vesicle budding 
and fission. BAR domains have lower activity than the ENTH domain to form tubules from 
lamellar lipid bilayers but they can also stabilize the tubules using their intrinsic molecular 
curvature. Thus, they may be better suited for a later stage of clathrin-mediated endocytosis, 
e.g., extension and stabilization of narrow necks of budding vesicles. 
 
3.5 EXPERIMENTAL PROCEDURES 
 
3.5.1 Materials.  
        1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine 
(POPS), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-Lisamine Rhodamine B 
sulfonyl (Rh-PE) were from Avanti Polar Lipids and a 1,2-dipalmitoyl derivative of 
PtdIns(4,5)P2 was from Cayman Chemical. 1-oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-
methyl)methanethiosulfonate (MTSL) was from Sigma.  
 
3.5.2 Protein Expression, Purification, and Labeling.  
        The epsin1 ENTH domain and mutants were expressed as N-terminal glutathione S-
transferase (GST) fusion proteins and purified using the GST-TagTM resin (Novagen) as 
described (24). The GST tag was cleaved by thrombin (Novagen) (24). Protein concentration 
was determined by the bicinchoninic acid protein assay (Pierce). For EPR measurements, a 
single Cys at position 96 of epsin1 ENTH WT was first mutated to Ala and the C96A mutant 
was used as a template to introduce a single or double Cys mutants. MTSL (Toronto 
Research Chemicals) was then introduced on a single (or double) cysteine site of the ENTH 
domain WT or its mutants as a spin label. To the protein bound to the GST-TagTM resin, 10 
mM of dithiothreitol was added to the column to reduce all cysteines and then removed 
completely with an excess amount of 50 mM phosphate buffer, pH 7.4, containing 160 mM 
KCl. After 50 mM MTSL was added to the column, the mixture was incubated for 12 h at 4 
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°C with mild shaking and free MTSL was removed with 200 ml of 50 mM phosphate buffer, 
pH 7.4, containing 160 mM KCl. The labeled protein was then cleaved from the resin by 
thrombin and purified as described (24). For fluorescent labeling at Cys96, an excess amount 
of Alexa Fluor 488 C5 maleimide (Invitrogen) was added to column containing ENTH WT 
or a mutant and the mixture was incubated for 16 h at 4 °C with mild shaking. The 
fluorescent labeling efficiency, calculated according to the manufacturer’s protocol, was 
typically 60-80%. 
 
3.5.3 EPR Measurements and Data Analysis. 
        POPC, POPE (or POPS) and PtdIns(4,5)P2 in chloroform were mixed with the molar 
ratio of 77:20:3, dried under vacuum overnight, and the mixture was resuspended in a 25 mM 
Tris buffer, pH 7.4, with 100 mM KCl. Large unilamellar vesicles of 100 nm diameter were 
prepared from this suspension using an extruder equipped with a polycarbonate filter after 
>10 cycles of freezing (in the liquid nitrogen) and thawing. The final lipid concentration of 
vesicle solution was 50 mM. Spin-labeled ENTH wild type and mutants were gently mixed 
with vesicles at 4 ºC for about 30 min. The lipid-to-protein molar ratio was kept at 200:1. The 
vesicle-bound proteins were then collected by centrifugation to reach the final protein 
concentrations of 250-300 M. Continuous wave electron paramagnetic resonance (EPR) 
spectra were collected using the Bruker ESP 300 spectrometer equipped with a loop-gap 
resonator (Medical Advances) and a low noise microwave amplifier (Miteq). The modulation 
amplitude was set at no greater than one-fourth of the line width. Room temperature (293K) 
and low temperature (130K) spectra were obtained. The data were collected in a first 
derivative mode for the room temperature measurement, while data were collected as the 
absorbance spectra for the low temperature measurement (26-28).  
 
3.5.4 GUV Tubulation Assay.  
        Giant unilamellar vesicles (GUV) were prepared by electroformation technique as 
previously described (29,30). The lipid mixtures (POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE = 
46.5:30:20:3:05) were prepared in chloroform/methanol (3:1) at a total concentration of 0.5 
mg/ ml, then the lipid solution was spread onto the indium tin oxide electrode surface and the 
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lipid was dried under vacuum to form a uniform lipid film. Vesicles were grown in a sucrose 
solution (typically 350 mM) while an electric field (3 V, 20 Hz frequency) was applied for 5 
hours at room temperature. The diameter of observed vesicles ranged from 5 and 30 m. 1 to 
2 l of sucrose-loaded GUV solution was added into a well glued onto a coverslip that was 
placed on the stage of the Zeiss 200M microscope. The well contained 200 l of 20 mM 
Tris-HCl buffer, pH 7.4, with 0.16 M KCl solution. After GUV were sedimented in the 
bottom of the well, proteins were added gently and the entire well was scanned with an 
automated x-y stage (2-minute scan time) at 37 ºC and images were captured every 5 second 
with a CCD camera controlled with Metamorph software (Roper Scientific). Rh-PE was 
excited by HBO 103 W/2 mercury lamp (Zeiss) with a Chroma D560/40 bandpass filter and 
the emission signal was monitored with a Chroma D630/60 bandpass filter. The focal plane 
of the 40x objective was continuously adjusted to obtain clear images of vesicles and images 
were collected for up to 30 minutes. For each captured image, the numbers of total and 
tubulated GUVs (i.e., ones with buds or tubules) were counted and averaged over the full 
scan (i.e., 24 images). The percentage of tubulated vesicles was then plotted as a function of 
time. Alternately, the number of tubules per vesicles was calculated by dividing the total 
number of tubules and buds by the total number of vesicles and averaging these values over 
the full scan.   
 
3.5.5 Number and Brightness Analysis of the Raster-Scanned Fluorescence Microcopy 
Images. 
        All microscopy measurements were carried out at 37 ºC using a custom-built 
combination laser scanning and multi-photon microscope that was described previously (31). 
Instrument control was accomplished with the help of ISS amplifiers, an ISS 3-axis scanning 
card and two ISS 200 KHz analog lifetime cards. All measurements were controlled and 
analyzed by the SimFCS. The average size of ENTH domain aggregates and the relative 
population of each aggregate as a function of time were determined by the number and 
brightness analysis as described (32) with a variation. To determine the aggregation state, a 
stack of 100 images of 64 x 64 pixels was collected at pixel dwell time of 32 μs (see Fig. 
S1A). The brightness of each pixel was then determined by the first and second moment 
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analysis of the fluorescence intensity fluctuation at each pixel (see Fig. S1B). The first and 
second moment moments of the distribution of photon counts (ki) correspond to the average 
(<k>) and the variance (2), respectively. Apparent brightness (B) and number (N) of 
particles for each pixel which are defined as the ratio of variance to the average intensity and 
the ratio of total intensity to B, respectively, were then calculated from the equations: B =  
2/<k>  =  + 1 and N = n / (+ 1) where  and n indicate the true brightness and number 
of particles, respectively. N and B analysis of all pixels then produced 2-dimensional maps of 
B and N (or intensity) (see Fig. S1C). From these maps, the number of pixels with a given B 
value was calculated at a given time. For instance, the ENTH domain pentamers have the B 
value of 1.25 (i.e.,  = 0.25) because the control experiment using the ENTH domain in 
solution showed that the monomer has the B value of 1.05 ± 0.03 (i.e.,  = 0.05). The time 
course of ENTH domain aggregates with different sizes was then determined for about 20 
min, while the images of GUV were simultaneously recorded to detect vesicle deformation 
and tubulation.  
 
3.5.6 Transferrin Receptor Endocytosis  
        NIH 3T3 and COS7 cells were seeded into 8-well plates and grown for 16 hours at 37 
oC in a humidified atmosphere of 95 % air and 5% CO2 in Dulbecco’s modified Eagle’s 
medium (DMEM) (Invitrogen) supplemented with 10 % (v/v) fatal bovine serum 
(Invitrogen). Epsin1 wild type and K23E/E42K (both C-terminal EGFP-tagged and prepared 
using the pEGFP-N1 vector (Clontech)) were transiently expressed by transfection with 
Lipofectamine (Invitrogen) in the serum-free DMEM. The medium was replaced with 
DMEM + 10% serum after 4 hour and cells were incubated in the incubator for 16 hour. 
Cells transiently expressing wild type and K23E/E42K epsin1 were rinsed and incubated in 
serum-free DMEM for 2 hours. The Texas Red-conjugated transferrin (Invitrogen; 1 µg/ml 
final concentration) mixed with the pre-warmed serum-free medium was added to cells and 
the cells were incubated at 37 oC for 10 minutes. Cells were rinsed with pre-warmed 
phosphate buffered saline twice and then fixed with the ice-cold 4% paraformaldehyde 
solution. The cells were rinsed with phosphate buffered saline twice after 10-minute fixation 
at room temperature. The effect of epsin1 overexpression on transferrin internalization was 
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monitored by confocal microscopy. For quantification of transferrin endocytosis, the number 
of puncta in each cell was counted. The cells with >= 15 transferrin puncta were counted as 
endocytosed cells and the percentage of these cells was calculated for WT and mutant-
transfected cells, respectively.  
 
3.5.7 Molecular Modeling  
        A dimer model of the ENTH domain was constructed by molecular docking using the 
FTDOCK program (33). The total number of rotation performed was 9240 with a grid size 
set at 218 for Fourier transformation (i.e., a grid cube of 0.70177 Å). The top ranked results 
from the docking were filtered according to the Ho distance constraints suggested by the EPR 
analysis and the best-ranked structure was chosen. Side-chain placements were further 
optimized using a simple gradient decent algorithm. The interaction interface for the dimer 
was obtained by calculating the solvent exposed area of the single domain and the complexed 
domain using MSMS v2.6.1 (34) algorithm with a probe size of 1.5 Å (surface for complex 
12928 Å2 and for single domain 7190 Å2). Electrostatic calculation was performed using 
ABPS v1.0 (35) for the native structure and mutants.  
 
3.5.8 SPR Measurements  
        All equilibrium surface plasmon resonance (SPR) measurements were performed at 23 
°C in 20 mM TRIS, pH 7.4, containing 0.16 M KCl using a lipid-coated L1 chip in the 
BIACORE X system as described previously (36). Large unilamellar vesicles of 
POPC/POPS/PtdIns(4,5)P2 (77:20:3) and POPC were used as the active surface and the 
control surface, respectively. Sensorgrams were analyzed assuming a Langmuir-type binding 
between the protein (P) and protein binding sites (M) on vesicles (i.e., P + M   PM) (37), 
and the Kd value was determined by a nonlinear least-squares analysis (37). Each data set 
was repeated three or more times to calculate average and standard deviation values. 
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Fig 1. GUV Tubulation Assay for epsin1 ENTH and amphiphysin BAR domains. 
 
Representative images of POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE (46.5:30:20:3:0.5) GUV 
shown by Rh-PE fluorescence after treating for 10 minutes with amphiphysin BAR (A) 
Buffer (B) amphiphysin BAR (C) epsin1 ENTH WT  (D) ENTH K23E/E42K mutant (E) The 
time course of the percentage of tubulated GUV caused by ENTH WT, BAR, and ENTH 
K23E/E42K mutant. The average and S.D. values at each time point were determined from a 
minimum of three independent measurements. All measurements were performed at 37 oC in 
20 mM Tris-HCl buffer, pH 7.4, with 0.16 M KCl solution. Protein concentration was 0.5 
µM. White bars indicate 10 µm.  
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Fig. 2 EPR spectra of epsin1 ENTH domain and modes of membrane binding and self-
association of epsin1 ENTH domain. 
 
(A) Room temperature EPR spectra for the N-terminus of the epsin1 ENTH domain (C96A). 
Black lines show the EPR spectra in the presence of POPC/POPS (80:20) vesicles while red 
lines indicate the EPR spectra with POPC/POPS/PtdIns(4,5)P2 (77:20:3) vesicles. (B) The 
accessibility parameters WO2 (green filled circles) and WNiEDDA (red diamond) plotted as 
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functions of the residue number of N-terminus of ENTH domain. (C) The immersion depth 
of each residue, defined as a linear term of logarithm of the ratio of accessibility to NIEDDA 
to accessibility to O2, is plotted as a function of the residue number. The pink solid line is the 
fit with a modified sine function. The linear term is added to the sine function to take into 
account the tilt angle as 23 degree. (D) Low-temperature EPR spectra and distance 
measurements by Fourier deconvolution analysis. Low-temperature absorbance (integrated) 
spectra for spin-labeled mutants (red line) are compared with reference spectrum (black line). 
The exact spin-spin distance for each mutant is measured by Fourier deconvolution analysis 
and shown at the end of each line. (E) Comparisons of room-temperature EPR spectra of 
(C96A)-Q9C and (C96A)-K23E/E42K-Q9C. The red line is the spectrum of (C96A)-Q9C, 
which shows the spin-spin interaction even at room temperature. The black lines represent 
(C96A)-K23E/E42K-Q9C. All proteins are labeled with MTSL. The lipid-to-protein ratio is 
200:1 for all measurements. All spectra were recorded at 120 Gauss magnetic field.  
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Fig. 3 Modes of membrane binding and self-association of epsin 1 ENTH domain. 
(A) A proposed membrane binding topology of the epsin1 ENTH domain based on the 
immersion depth of N-terminal residues shown in Fig. 2C. Ho is colored in blue and 
hydrophobic side chains are labeled. The structure of the ENTH domain with the bound 
Ins(1,4,5)P3 is from Ford et al. (13). (B) An energy-minimized model structure of the docked 
ENTH domain dimer built on the basis of EPR distance restraints. The side chains of K23 
and E42 are shown in space-filling representation and these residues in one monomeric unit 
(green) are labeled. The membrane surface is illustrated with simple dots. (C) A hypothetic 
model of ENTH domain hexamer bound to the membrane. The model was built by molecular 
docking of the dimer models shown in Fig. 3B and energy minimization. Notice that this 
model hexamer structure arranges six Ho units in such a way that they interact more 
energetically favorably with a curved membrane than with a flat membrane. 
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Fig. 4 Number and brightness analysis of raster-scanned images of GUV tubulation by 
ENTH domain. 
 
(A) The time course of the relative abundance of different aggregates for epsin1 ENTH WT. 
(B) The time course of the relative abundance of different aggregates for epsin ENTH 
K23E/E42K mutant. (C) A representative image of POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE 
GUV shown by Rh-PE fluorescence after 10 minute-treatment with epsin1 ENTH WT. (D) 
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Distribution of ENTH WT aggregates (monomer to 20-mer) was superimposed onto the 
image of GUV. (E) Distribution of ENTH WT aggregates (>20-mer) was superimposed onto 
the image of GUV. (F) A representative image of POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE 
GUV after 10 minute-treatment with epsin1 ENTH K23E/E42K. (G) Distribution of ENTH 
K23E/E42K (monomer to 20-mer) was superimposed onto the image of GUV. (H) 
Distribution of ENTH K23E/E42K aggregates (>20-mer) was superimposed onto the image 
of GUV. All measurements were performed at 37 oC using 
POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE (46.5:30:20:3:0.5) GUV in 20 mM Tris-HCl buffer, 
pH 7.4, with 0.16 M KCl solution. Protein concentration was 0.5 µM. White bars indicate 10 
µm. 
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Fig. 5 Effect of epsin1 and its mutant on the internalization of transferrin.  
 
Cellular distribution of transiently transfected epsin1-EGFP (A) and Texas Red-labeled 
transferrin (B) in NIH 3T3 cells 10 minutes after treatment with 1 µg/ml of Texas Red-
transferrin. Cellular distribution of transiently transfected epsin1-K23E/E42K-EGFP (C) and 
Texas Red-transferrin (D) in NIH 3T3 cells 10 minutes after the transferrin treatment. Notice 
that the transferrin internalization was observed in both epsin1-overexpressing and non-
expressing cells in B but primarily in non-expressing cells in D. White bars indicate 10 µm. 
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Protein Kd (nM) Relative affinity (%) 
ENTH WT 49 ± 8b 100 
K23E/E42K 75 ± 15b 65 
C96A 53 ± 7b 92 
C96A-Q9C 55 ± 9b 89 
C96A-Q9C-MTSL N.D.c 95d 
C96A-S5C-MTSL N.D.c 92d 
C96A-L6C-MTSL N.D.c 50d 
C96A-R7C-MTSL N.D.c 15d 
C96A-R8C-MTSL N.D.c 20d 
C96A-M10C-MTSL N.D.c 55d 
C96A-K11C-MTSL N.D.c 25d 
C96A-N12C-MTSL N.D.c 90d 
C96A-I13C-MTSL N.D.c 50d 
C96A-V14C-MTSL N.D.c 53d 
C96A-K23E/E42K-Q9C-MTSL N.D.c 70d 
WT-Alexa Fluor 488 N.D.c 99d 
K23E/E42K-Alexa Fluor 488 N.D.c 65d 
 
Table 1. Vesicle Binding Affinity of ENTH WT and Mutants Determined by SPR 
Analysisa. 
 
aMeasured using POPC/POPS/PtdIns(4,5)P2 (77:20:3) in 20 mM Tris-HCl, pH 7.4, 
containing 0.16 M KCl. 
bDetermined by the curve fitting of binding isotherms derived from equilibrium SPR 
sensorgrams 
cNot determined 
dEstimated from the relative resonance unit when the same concentrations of WT and 
mutants were injected onto the vesicle surface (at least two different concentrations were 
used for comparison). 
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3.8 SUPPORTING INFORMATION 
 
 
Fig. S1 The number and brightness analysis of ENTH domain WT acting on 
POPC/POPE/POPS/PtdIns(4,5)P2/Rh-PE/GUV 
(A) Average intensity change (64 x 64 pixel) of ENTH domain on GUV. (B) B map 
constructed based on the second moment analysis of 100 frames of 64 x 64 pixel images. (C) 
Two dimensional histogram of B values versus intensity constructed based on the first and 
second moment analysis of 100 frames of 64 x 64 pixel images. The pseudo color scheme 
indicates the magnitude of the B or intensity value (with blue the lowest and red the highest). 
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Fig. S2 The time course of the relative abundance of different aggregates for epsin1 
ENTH WT. 
This is a detailed version of Fig. 3A illustrating the change in kinetic patterns with the 
increase of the cluster size. Notice that the population of 10- to 18-mer (gray) spikes early 
and steadily declines, which does not synchronizes with the kinetics of vesicle tabulation 
shown in Fig. 1B. The synchronization becomes apparent as the cluster size reaches 20 and 
the most evident with 22- to 24-mer (red). Kinetics of accumulation of cluster larger than 30-
mer (blue) lag behind of that vesicle tabulation, suggesting that the critical size of the ENTH 
aggregate for vesicle tabulation is around 20-22. 
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CHAPTER 4: GENERAL CONCLUSIONS 
 
SUMMARY 
         
        SNARE proteins (synaptobrevin2, SNAP25, syntaxin-1A) are central players for the 
membrane fusion between synaptic vesicle and plasma membrane (Brunger, 2001; Rizo and 
Sudhof, 2002). However, several regulators, such as synaptotagminI, complexin and Munc18 
etc, are also involved in the Ca2+-triggered fast neuronal transmitter release process. Recently, 
more and more researchers speculated that membrane lipid components, such as cholesterol 
and phosphatidylinositol 4, 5-biophosphate (James et al, 2008), also play important roles for 
SNARE-mediated membrane fusion. For example, it has been confirmed that syntaxin-1A 
cluster formation depends on cholesterol molecule in the membrane (Murray and Tamm, 
2009). Cholesterol comprises as much as 40 mol% of total lipids on the neuronal synaptic 
vesicle. Due to its property of negative membrane curvature, cholesterol was considered as 
an important stabilizer for the hemifusion intermediate state. However, physiological 
concentration of cholesterol also mildly stimulates the pore opening and pore expansion in 
yeast SNARE-mediated membrane fusion (Chang et al, 2009). Thus, cholesterol may also 
modulate transmembrane domains (TMDs) of SNARE proteins to stimulate membrane 
fusion. 
        In this dissertation, the stimulation of physiological cholesterol in neuronal SNARE-
mediated lipid mixing was examined by using in vitro fluorescence lipid mixing assay. 
Interestingly, we found that physiological concentration (about 40 mol%) of cholesterol on 
both t- and v-proteoliposomes could dramatically increase lipid mixing initial rate up to 5 
folds compared to control (both vesicle without cholesterol). However, 20 mol% of 
cholesterol on both sides did not have stimulatory effect for the SNARE-mediated lipid 
mixing initial rate. And such a stimulatory effect was more pronounced when cholesterol was 
on the v-SNARE side than it was on the t-SNARE side. Moreover, when cholesterol 
increased up to 60 mol% on the v-SNARE side, the stimulatory effect on lipid mixing initial 
rate was very similar to 40 mol% of cholesterol. Collectively, physiological concentration of 
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cholesterol on synaptic vesicle is essential and enough for neuronal SNARE-mediated vesicle 
fusion. 
        Synaptobrevin2 is a synaptic vesicle associated membrane protein with one-spanning 
TMD. In order to better understand cholesterol effect in SNARE-mediated membrane fusion, 
especially the modulation of synaptobrevin2 TMD, both cw and pulsed EPR methods for 
distance measurements were employed. By measuring the distances for each spin-labeled 
residue of TMD of synaptobrevin2 with and without cholesterol, the result suggests that 
cholesterol induces a conformational change from an open scissor-like dimer to a parallel 
scissor-like dimer. Without cholesterol, the N-half of two TMDs forms a dimer while C-half 
of two TMDs apart from each other. After addition of 40 mol% cholesterol, the C-half of two 
TMDs close to each other to form a tight parallel dimer. The relevance of this conformational 
change to the fusion activity was also verified by using disulfide cross-linking lipid mixing 
assay. 
        In this dissertation, another membrane-associated protein epsin1 which is involved in 
clathrin-mediated endocytosis process was studied. By binding to lipid phosphatidylinositol-
4, 5-biphosphate (PIP2), the unstructured N-terminal (3-15 amino acids) of ENTH domain of 
epsin1 forms an additional amphiphilic helix called helix0 which could insert into the 
membrane (Ford et al, 2002). It is believed that helix0 could tubulate the membrane to form a 
bud for endocytosis process (Stahelin et al, 2003; Kweon et al, 2006). Here, we confirmed 
the formation of helix0 on the surface of the vesicle contained lipid PIP2 by using EPR 
method. By studying the topology of helix0 on the membrane, the results show that helix0 
inserts into the membrane deeply with the helical axis forming an about 11 degree angle 
against the membrane normal. The analysis also indicated a significant degree of spin-spin 
interaction with some single-site labeled mutants, including R7C and Q9C. After the distance 
measurement by low-temperature EPR, the results suggested that two neighboring H0 units 
interact with each other in an anti-parallel manner to form a well-ordered dimer. Such a 
property of self-association to each other makes ENTH domain to easily tubulate membrane 
even without intrinsic molecular curvature. Both in vitro and in vivo functional studies 
verified this hypothesis.  
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